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ABSTRACT

The motion and dispersion characteristics of four proposed types of
aerodynamic self-dispersing bomblets (S-curve bomblet, roll -through- zero
bomblet, dual-mode bomblet, and spinning-disk bomblet) are evaluated for
representative tactical cluster-dispenser delivery environments. Six-
degrees-of-freedom simulations are used to investigate the flight dynamics
of each type bomblet, and in addition, approximate motion theories are
developed for the S-curve and roll-through-zero bomblets. The effects of
various configurational asymmetries on the motion and dispersion are con-
sidered.

Impact patterns are computed for each of the proposed bomblets,
and the area coverage capabilities are compared for low-speed and high-
speed dispenser opening conditions, ranging in altitude from 300 to 2000
feet and flight path angle from 5 to 45 degrees. The area coverage of the
proposed bomblets is contrasted with that of the CBU-24 munition and a
hypothetical radial- force - eje ction system.

The aerodynamic characteristics of each type bomblet are reviewed,
and the problems of selecting candidate configuration are discussed. Re-
sults of supporting wind tunnel tests, accomplished in the 4T transonic wind
tunnel at the Arnold Engineering Development Center (AEDC), are briefly
described.

This document is subject to special export controls and each
transmittal to foreign governments or foreign nationals may
be made only with prior approval of the Air Force Armament
Laboratory (DLRA), Eglin Air Force Base, Florida 3254Z.
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SECTION I.

I 'F TRO DUCTION

The increasing utilization of cluster-Lype bombs and submunition
dispensers for tactical warfare has led to the need for considering various
bomblet dispersion techniques. The need for new lispersion techniques, as
alternatives to existing magnus-rotor and radial ejection dispersion concepts,
is heightened by the trend toward lower delivery altitudes and increased de-
livery Mach number, as well as the need for becter impact p-ttern distribu-
tions and improved total weapon effectiveness. Further, new self-dispersing
bomblet concepts are required, which can be adapted to many different war-
head types (chemical, fragmentation1, shaped-change, in-endiary, etc. ) and
which provide alignment of the bomblet axis with the flight path at impact for
improved fuzing and warhead functioning.

Four new aerodynamic self-dispersing bomblet concepts have been
proposed which require investigation to determine their suitability for

cluster and dispenser weapons. Two of the proposed botnblet concepts

(the S-curve bomblet and roll-through-zero bomblet) utilize the lift force
resulting from body incidence as a means of dispersion. These axisymmet-
ric fin-stabilized ballistic-type configurations provide rapid dispersion and
impact at small angles of attack. The dual-mode bomblet concept combines

the dispersion capability of the magnus rotor with the small angle of attack
impact characteristic of the ballistic-type bomblet. The spinning-disk
bomblet utilizes the lift characteristics of the lenticular shape as a means
of improving dispersion of the magnus rotor at high Mach numbers.

The present effort encompasses (1) analytical simulation of the flight
characteristics of each bomblet-type to determine the motion, trajectory,
and impact pattern characteristics, (2) development of theory and computer
simulation capabilities pertinent to the proposed designs, and (3) static and
dynamic wind tunnel tests of candidate bomblet configurations.



SECTION II.

ANALYTICAL INVESTIGATIONS AND

FLIGHT DYNAMICS SIMULATIONS

A. S-CURVE BOMBLET

1. Description of Concept.

The aerodynamic scattering of bomblets, through the use of a
trim angle of attack generated by a highly nonlinear aerodynamic restoring

moment characteristic (S-curve moment variation), was first described by

Merchant and Pope(l).

The S-curve type bomblet is comprised of an axially symmetric
body-fin configuration, which is designed to provide an unstable restoring

moment at small angles of attack, and a stable pitching mome )t slope at a

large trim angle of attack. The lift force resulting from the large trim angle

of attack causes the trajectory to deflect, thereby providing the desired dis-

persion.

One of the features of the S-curve type bomblet is that the trim
incidence is independent of the body roll attitude, such that direction of the
lift force vector with respect to a vertical plane is either fixed, or slowly

changing, even though the bomblet has an accidental spin. This character-

istic is enhanced as the rotational symmetry of the bomblet increases.

The tendency for the angle-of-attack plane to remain stationary,

i. e., for the coning motion to be zero, is the fundamental reason for the

large dispersion of the S-curve bomblet.

2. Zero Coning Theory.

The requirements for zero coning can be stated more

precisely by considering in detail the equations of motion for ballistic flight.
A theoretical coning motion analysis, based on the equations of motion for

the pitching and lateral translation degrees of freedom and including the axial
spin as a parameter, is presented inAppendix II. As a result of the analysis.
it is shown that the orientation of the angle of attack plane, ý , can be

described approximately by a second-order nonlinear differential equation
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In the above equation, it is assumed that the bomblet has a trim angle of
attack, tT, due to the S-curve pitching moment.

The existence of a steady-state solution for ¢ in Equation (1)

is determined by setting 4 = 0. This results in Equation (2a).

C.g CosYcos• CNPSV g+ sin y Cnrg pSd 2 cos ysinft
px L v 2m V - 4 (a)

C M pP pSd 2 V = 0

where the first term in braces is the gyroscopic moment due to rate of
change of flight path curvature, the second term is the damping moment, and
the third term is the magnus moment. If the gyroscopic and magnus terms
approach zero, i. e., a very small value of roll rate, then the damping term
must also approach zero, implying further that ¢ is near zero. For the
purpose of obtaining exact solutions for ¢ , it is useful to consider the fol-
lowing alternative form of Equation (Za):

A cos + B sin n C (2b)

whe re

A [tx g Cos Y
A = p [ V~oY

B -- [Cng P Sd2 Cos ]
B - 4

CMP ýý S d 2 V Ix CN "C SV Ix g T Si 1 _i.
C p 4 T 2m VJ



Solutions to Equation (2b) exist for

C2 < A 2 + B 2

and do not exist if

C2 > A 2 + B 2

For flat trajectories ( y -•0) the latter inequality can be expressed as

1

CMP 0 Sd 2 V Ix CN 0 SV 1  > [ixgp12 + rCnrg pSd } 2
4 2m

L 4 2m V 4 J J

Examination of Equation (3) shows that either a large value of CMp or a
large value of p will preclude the attainment of a solution for 4. If the
aerodynamic and inertial parameters are established, i.e., a specific con-
figuration is selected, there may be a range of I1P < IPCRI for which
solutions for ý exist. In such cases, PCR is referred to as the critical
spin rate. At spin rate less than the critical spin rate, the coning rate is
zero; at spin rates greater than the critical spin rate, the coning rate is
finite.

Using Equation (2), multivalued solutions are obtained for ,
when IpI < IPCR I . To determine whether these solutions are stable solu-
tions to the differential Equation (1), a perturbation equation is written,

using the perturbation from the steady-state solution, A 0 . Development of
the perturbation equation for A p is aided by use of the following substitu-
tions for cos ý and sin ý :

cos cos ( + A ;) cos - A sin o
(4)

sin = z sin( ý . + A = sin o + A $C)s c o

Using representative values ;or the aerodynamic and inertial parameters in
Equation (1), analysis shows that stable solutions to the perturbation equa-
tions exist only when - • < 7. ; outside this region the A , perturbations

are unstable. This implies that the nose of the bomblet is always nose-up
with respect to the trajectory when stable zero-coning solutions exi,'t.

Further analysis of Equation (2) shows that for positive spir

rates the nose of the bomblet points to the left of the velocity vector (as

vitewed in the direction of flight) when the magnus moment is negative, and
to the right when the- magnus moment is positive. The reverse is true for
n,,gative spin rates.

4



For spin rates which are larger than the critical spin rate, the
average effect of the terms containing cos ( and sin ( is small. In such

cases it is possible to have a solution for ( if ¢ 0. Examination ofX

Equation (1) shows that a linear relationship exists between ( and p

specifically, ( /p L constant. A good approximation for this constant, in
most instances, is

S C-M (5)

p Crr O T

While the zero coning theory provides u-seful performance
criteria, it does not readily permit a direct prediction of either the transient
or steady-state swerving motion.

A direct solution of Equation( 1), along with integration of the
equations for lateral translation, entails great complicaton. Consequently,
the dispersion calculations are accomplished most easily oy numerical
integration, using a six-degrees-of-freedom computer pr 'gram.

3. Configurations.

The geometry of the S-curve bomblet and its center-of-gravity
location are selected such that the proper nonlinear restoring moment char-
acteristic is achieved. The aerodynamic center of pressure movement must
be forward at small angles of attack to produce instability, and rearward
at large incidence to produce a large trim angle of attack and adequate
static stability margin. Various means are available for providing the
necessary center -uf -pressure movement. Nose rounding, boattailing, and
low aspect ratio fins all tend to move the center of pressure forward at
small angles of attack and rearward at large angles of attack, and these con-
siderations have been used in the selection of candidate designs for analytical
and experimental investigation.

The S-curvXc bomblet,which has been most extensively investi-
gated during the present effort,is depicted in Figure 1. The body is a two-
inch-diameter,four-ciliber cylinder with either a blunt nose (0.25 caliber
corner radius) or hemisphere nose and six low-aspect-ratio rectangular
fins. The weight of the bomblet is assumed to be 1. 51 pounds. The bomblet
weight was determined by use of an average mass density, calculated from
the weights and volumes of a selected group of bomblet munitions. The
center of gravity location (1.5 calibers aft of the nose) presumes that the
rear of the bomblet is hollow to a depth of about one caliber. The hollow
afterbody and the fin design permit efficient packaging, az can be seen from
the schematit packaging arrangement depicted ir Figure 2.

5



8.00"-

T
2.00"

Alternate -Nose Bomblet

Physical Data

Weight =1. 51 pounds

ix =1. 629 x 10-4 slug-ft 2

= 1.06x 10- slug-ft 2

Figure 1. S-Curve Bomblet Physical Characteristics
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Figure Z. Concepts for S-Curve Bomblet Packaging



The 4:1 fineness ratio body was selected primarily as a com-
promise between warhead geometry and aerodynamic considerations. The
original S-curve bomblet configurations investigated by the Australian

Weapons Reseirch Estabiishment W were 5.73 calibers in length,
but this fineness ratio is considered too large for a fragmenting warhead.
A low fineness ratio bomblet was not chosen, because preliminary aero-
dynamic data for a series of two-caliber S-curve bomblets, which are under
investigation by the Air Force Armament Laboratory, showed the aerody-
namic moment curves to be quite sensitive to small configuration changes.
This is probably due to the fact that the separated flow from the blunt nose
extends rearward about two body diameter's.

Several geometric modifications to the basic four:caliber
S-curve bomblet were evaluated as a part of the wind tunnel test program
(see Section IV). These alternate configurations have different trim, stabil-
ity, and drag characteristics, and for somr- applications may be more
suitable than the configurations shown in Figure i. These factors will be
discussed in subsequent sections.

Two different nose shapes are specified for the basic configura-
tion because of the variation of the trim angle of attack with Mach number.
The blunt nose bomblet trims at zero angle of attack at transonic Mach
numbers, whereas the hemisphere-nose bombiet exhibits a finite trim
angle of attack through the transonic regime.

4. Aerodynamic Characteristics.

The complete aerodynamic characteristics of the basic S-curve
bomblet configuration (Figure 1 ) were required for the motion simulations
and trajectory investigations. The static aerodynamic force and moment
coefficients for the basic configurations were obtained from the AEDC wind
tunnel tests described in Section IV (model designations BsNSIAsIFs2

and BsNs 2 As 1 Fs 2 for blunt-nose and hemisphere-nose configurations,
respectively). Plots of the restoring moment and normal force coefficients
for these configurations, at Mach 0. 3 and 0. 9, are shown in Figure
3. The variation of the trim angle of attack with Mach number for each con-
figuration is illustrated in Figure 4.

Because the results of the dynamic wind tunnel tests at AEDC
were not available, pitch-damping, magnus-force and moment, roll-damp-
ing, and fin-effectiveness data were obtained from wind tunnel test results
for a similar 5.73 caliber bomblet with eight low-aspect ratio fins (2)
The aerodynamic coefficients were assumed to be valid for the four-caliber
bomnblet without :orrection for fineness ratio, number of fins, or center-of-
gravity location.
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Table I summarizes the aeroballistic coefficients used for the
six-degrees-of-freedom motion simulations. The coefficient notation is
described in Appendix I. The rolling moment coefficient is tabulated for a
fin cant angle of 0.1 degree. The aerodynamic coefficients are independent
of the aerodynamnic roll angle for the angle of attack range of interest.

5. Motion Simulations.

The motion, trajectory, and impact pattern characteristics of
the S-curve type bomblet have been extensively investigated using the six-
degrees-of-freedom (6-DOF) trajectory program,( 3 ) and the previously
described aerodynamic and physical characteristics data.

The 6-DOF motion simulationa describe both the transient and
steady-state dispersion characteristics, neither of which is predictable by
the 'zero coning theory. In addition, the exact motion solutions have been
used to determine the bomblet response to various initial flight conditions,
disturbances, and configurational asymmetries.

The initial conditions used for motion simulation purposes are
determined by the attitude and motion of the dispenser at time of functioning,
and by the positioning of the bomblets within the dispenser. Some of the
configurational asymmetries which must be considered are fin cant, longi-
tudinal misalignment (Crnm and Cno), and lateral center-of-gravity offset.

The initial. attitude of the bomblets with respect to the dispenser
flight path critically affects the motion simulations, both from the stand-
point of the bomblet dynamics and the determination of an impact pattern.
The bomblet impact pattern is most easily determined if each bomblet is
assumed to be randomiy oriented in a nose outward attitude at a fixed angle
with respect to the dispenser cei'terline. Assuming that the dispenser is
aligned with its flight path. the initial angle of attack of each bomblet will
be constant, and the orientation of the angle of attack plane with respect to
a vertical or horizontal reference will vary randomly from 0 - 2 7 . In most
instances,the bomblet pitching response is sufficiently rapid that the angle
between the bomblet axis and the dispenser axis (initial angle of attack) can
be somewhat less than the bomblet trim angle of attack.

If the bomblet axis is initially aligned with the dispenser axis,
both the angle of attack and pitcqhing moment will be zero, and the bomblet
will not pitch nose-out to the trim angle of attack unless disturbed. The
disturbance can be produced by the motion of the dispenser or by the bomb-
let asymmetries. A simplified simulation of the zero angle of attack case
can be accomplished by the use of a body-fixed pitch asymmetry (i. e.. Cmo
momei)t coefficient). The orientation of the body axes can be assumed to
be random, and this, in turn, leads to various bomblet flight paths and ulti-
mately to a dispersion pattern at ground impact.

11
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Both the latter method, and the nose-outward method of initiat-
ing the bomblet motion are considered in the present report. In a future
effort, a Monte Carlo technique will be useai to realistically simulate the
bomblet motion for a wide variety of initiai conditions and perturbations.

The flight behavior of the S-curve type bomblet is most easily
visualized by examination of the angle o, attack and spin histories. To this
end, the plane of the angle of attack with respect to horizontal will be defined
by the angle, f , as depicted in Appendix I. It will be noted that T is the
negative complement of $ , which in the zero coning theory is the orienta-
tion of the angle of attack plane with respect to vertical.

Motion with Finite Initial Angle of Attack and Varying Fin
Cant. Figure 5 illustrates the angle of attack and roll dynamics of the basic
blunt-nose bomblet configuration when released from a dispenser at an alti-
tude of 1000 feet and an angle of attack of five degrees, velocity of 600
ft/sec, and flight path angle of 15 degrees. The bomblet is assumed to have
a nominal fin cant angle of 0. 02 degree, corresponding to positive roll rate.
Three different initiai orientations of the angle of attack plane are considered:
T = 0, 90, 180 degrees. The position of the bomblet nose with respect to
the dispenser (when looking in the direýction of flight) is left, up, and right,
respectively.

In this example the spin rate due to the fin cant is less than
the critical spin rate as defined by the zero coning theory, and it can be seen
that D approaches a quasi-steady value in agreement with the theory. The
computed theoretical relationship between the angle of attack plane orienta-
tion and thc roll rate is illustrated in Figure 6 for a Mach number of 0.3.
Using the motion data for , = 90 degrees as an example, the theoretical
values of T for Mach numbers less than 0.3 were computed and the results
shown for comparison in Figure 5. It is seen that the 6-DOF and theoretical
solutions for the orientation angle, T , differ by only a few degrees.

Figure 7 illustrates the effect of a larger fin cant angle (0. 1
degree) on the motion histories of T , i , and p for the same dispenser
event conditions that were considered in Figure 5. The 0. 1 degree cant
angle drives the roll rate above the critical spin rate, and f does not
approach a quasi-steady-value. Instead, T) increases negatively and the
bomblet exhibits a counterclockwise coning motion. The coning motion
causes the lift vector to rotate, whereas for the 0.02 degree cant angle the
lift vector remained upward. As a result,the flight time is shortened. For
example, consider the case where T. = 0; the flight time is reduced from
9.96 seconds to 5.6 seconds when the cant angle is increased from 0.02 to
0.1 degree.

13
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Effect of Velocity and Mach Number. The deleterious effect
of increasing the cant angle to 0.1 degree is diminished if the initial flight
velocity is reduced. Data computed for a 300 ft/sec dispenser opening
velocity are shown in Figure 8. For 40values which are greater than zero,
the angle of attack plane orientation approaches a constant, even though the
spin rate is greater than critical.

With increasing velocity at dispenser opening, the motion of the
basic S-curve type bomblet becomes more critical. For any cant angle, the
peak roll rate tends to increase in direct proportion tu the velocity, and thus
there is a greater tendencyfor the critical spin rate to be exceeded. Another
factor is the effect of Mach number on the aerodynamic characteristics,
particularly the trim angle of attack. For Mach numbers between 0.7 and
about 1.0, the basic blunt-nose configuration is stable at small angles of
attack, thus precluding a trimmed lift in the region. For a 900 ft/sec. dis-
penser opening velocity, the effect of Mach number on the trim angle of
attack is clearly discernible in the motion plots of Figure 9.

The initial angle of attack of five degrees dampens almost
completely in the first 0.1 second of flight, and more than two seconds of
flight elapse before trimmed flight is achieved. The dispersion during the
remainder of the flight is small.

The alternate S-curve bomblet with nemisphere nose has a
finite trim angle of attack through the transonic range. For the 900 ft/sec
dispenser opening velocity, the motion of this bomblet is satisfactory, as
can be seen from the angle of attack data plotted in Figure 10.

Bomblet Release at Zero Angle of Attack. Bomblet release
at zero angle of attack requires a suitable disturbance or moment to initiate
rotation of the bomblet to the trim angle of attack. For the purposes of
analytical simulation, a body-fixed moment coefficient, Cm 0 , was intro-
duced as a means of initiating the bomblet rotation. By varying the initial
orientation of the y body-fixed axis through an angular range, 0 - 2 T ,

it was anticipated that an impact dispersion boundary would be produced.

A preliminary investigation was made using a moment coeffi-
cient of 0.001, and it was found that the T rapidly approached a value of
about iT/2, regardless of the initial value of . Thus, all of the bomblets
impacted within a small area, even though the dispersion from the zero lift
trajectory was sizeable. This meant that the body-fixed moment was too
small in comparison with the moments tending to cause zero coning.

Next, a value of Cmo equal to 0.02 was selected for investiga-
tion. A typical T history is presented in Figure 11 for a release velocity
of 600 ft/sec and a fin cant angle of 0.1 degree. I1, this case, a rapid
clockwise coning motion develops, with no tendency for a decrease in the
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rate of change of with time. The coning motion results from the fact
that Cno contributes a magnus-type moment component, as a result of the
angle-of-attack plane rotation lagging the rotation of the body axes. Although

C,110 is small (i. e. , less than the magnitude of the static moment at two
degrees angle of attack), it is several times larger than the magnus-moment
coefficient evaluated at the trim angle of attack and for a roll rate of the
order of 10 rad/sec.

Finally, an intermediate value of Cmo, equal to 0.004, was
evaluated for the same dispenser-opening conditions as above. The T and
a histories are presented in Figure IZ. The motion is seen to be satis-
factory; the angle-of-attack plane orientation is reasonably well separated
for each , and the average variation of T with time is only of the order
0.4 rad/sec.

Other Effects. Several types of perturbations were investi-
gated to determine their effect on the bomblet motion and angle-of-attack
plane orientation, • These perturbations are briefly summarized below.

Magnitude of

Perturbation Perturbation 0.o Fin Cant

04. 2•(1 0.Z05 deg

Body-fixed q 2. 0 rad/sec 0 .T 0.025 deg

Body fixed r -0.2 rad/sec 0.T 0.025 deg

c. g. lateral offset, A y 0. 0025 ft XT 0. 025 deg
L0 T
Lateral misalignment, Cno 0. 004 .T 0.001 deg
SLateral mnisalignment, Cno 0.004 a T 0. 00T deg

SLateral misalignment, C1 ro 0. 004 0. T 0. 003 deg

It was found that the first four perturbations did not signi.icant-
ly affect the rate of change of T with time and had only slight effect on the
impact dispersion. The effect of lateral -nisalignment and fin cant on J.e
angle of attack plane orientation, ¢ , is depicted in Figure 13. The initial

was selected such that the misalignment couple was in a plane nominal to
the angle-of-attack plane. It is seen that the misalignment causes a rapid
variation of T with time (coning motion) in contrast to the result for zero

misalignment. The initial coning motion is independent of the fin cant.
After about two seconds, the coning stops and then reverses direction fc. the

larger cant angles; fcr the smaller cant angle, the coning continues in the
initial clockwise direction. The results just described reveal the difficulty
of shl•cting suitable production tolerances for an S-curve type bomblet.
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6. Trajectory and Impact Pattern Characteristics.

Trajectory and impact pattern data for the S-curve type bomblet
have been evaluated for four standard dispenser opening conditions as out-
lined below:

Standard Dispenser Opening Conditions

Flight Path Angle

Condition Altitude Velocity Mach Number Below Horizontal

1 300 ft 300 ft/sec 0.27 5 deg

II 300 ft 600 ft/sec 0. 54 5 deg

III 1000 ft 600 ft/sec 0.54 15 deg

IV Z000 ft 900 ft/sec 0.81 45 deg

The trajectory and impact data were computed using exact six-degrees-of-
freedom motion simulations as previously described.

The maximum dispersion boundary for each set of initial
conditions and configuration parameters was determined by either varying

the orientation of 'the initial plane of incidence or the roll orientation of the
body-axes, depending on whether the bomblet was initially at a finite angle
of attack or zero angle of attack, respectively. This procedure approxi-

mates the maximum dispersion boundary but does not provide information
on the probable distribution of bomblets within the pattern. The latter
requires detailed statistical knowledge of bomblet configurational assymme-

tries and motion perturbations at dispenser opening. Consideration of these
factors was beyond the scope of the present program.

For each dispenser opening condition, the vertical plane tra-

jectory projection, along with the ground impact boundary curve, has been
plotted (Figures 14 through 17). These data are presented for a nominal
fin cant angle of 0. 1 degree.

Comparing Figures 14 and 15 for the 300-foot release altitude,
it is noted that the size of the impact pattern increases greatly when the
dispenser velocity is raised from 300 ft/sec to 600 ft/sec. Increasing the
release altitude to 1000 feet and the flight path angle to 15 degrees (Figure

16) does not appreciably change the pattern size, but the total pattern width
is increased from about 1400 feet to 1600 feet while the pattern length is
reduced to about 2250 feet. For the 900 ft/sec dispenser opening condition

(Figure 17), the dispersion and impact pattern of the blunt- nose bomblet
are seen to be extremely small, due to the bomblet's stable fiight

characteristics at small angles of attack in the transonic Mach number
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regime. The alternate hemisphere-nose bomblet, however, has a large
dispersion pattern because the trim angle of attack is about 5.0 degrees at
the release Mach number. The pattern size, at 900 ft/sec dispenser open-

ing velocity, is about the same as at the 600 ft/sec dispenser opening
conditions. The lack of pattern growth with increase in velocity from 600
ft/sec to 900 ft/sec is attributed to the increased coning rate at the higher
velocity, as discussed previously.

Effect of Fin Cant. The effect of fin cant on the trajectory
and dispersion data is depicted in Figures 18 and 19 for dispenser opening
conditions II and III, respectively. For the shallow low-altitude delivery
at 600 ft/sec (Figure 18),it is seen that the impact pattern boundary signifi-

cantly decreases if the fin cant angle is raised to 0. 5 degree. In contrast,
the pattern boundary greatly expands when the fin cant angle is reduced to
0.02 degreei-. and a pattern width in excess of 3000 feet is obtained. In the
latter case, the spin rate is always less than the critical spin; therefore,

the pattern size is the maximum achievable.

Similar results are obtained for the small fin cant angle at the
1000-foot bomblet release altitude, dispenser opening condition III.

An interesting aspect of the S-curve bomblet performance,

is the extent of the increase in flight range when the spin rate is sub-critical.
The horizontal distance to impact is three and two and one-half times that
of the zero-lift trajectories, for dispenser opening conditions II and III,
respectively.

Release at Zero Angle of Attack. The difficulty of simulating
the S-cur e bomblet dynamics whez, the bomblet angle of attack is initially
zero has been previously described. For zero angle of attack release, iihe
dispersion is critically dependent on the body-fixed moment coefficients
Cnio and Cno, as well as the fin cant.

The effect of Gino on the dispersion pattern is depicted in
Figure 20 for dispenser opening condition II. A misalignment which pro-
duces a Cmo of 0.02 is seen to result in a small size impact pattern, com-

pared to the pattern boundary obtained for a 5.0-degree initial argie of
attack. However, a smaller value of Cm.o equal to 0.004, results in a

pattern size slightly larger than that obtained with 5.0 degrees initial anglu
of attack.
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B. ROI,LL THROUGH-ZERO BOMBLET

1. Description of Concept.

A body-fixed trim incidence or lift force does not generally
lead to large dispersion of ballistic bodies, since there is usually sufficient
rolling motion from intentional or accidental asymmetries to cause the
direction of the lateral force to vary continuously. As a result, the flight
path has a corkscrew appearance and the deflection from the zero-lift tra-
jectory is small. An exception to the above is the case where the body rolls
through zero angular velocity. In this instance, there is a period where
large dispersion can occur in a particular lateral direction.

The roll-through-zeio (RTO) bomblet is comprised of a lifting-
body configuration equipped with a roll-producing device which will cause
the bomblet to spin in a direction opposite to that of the dispenser from
which it is released.

2. Theory.

A simplified dispersion theory for the roll-through-zero type
bomblet has been developed (Appendix III). which considers the roll and
lateral translation degrees of freedom in an approximate manner. It is
found that the deflection of the trajectory from the point at which zero roll
rate uccurs. is closely approximated when there are many subsequent roll
cycles by the deflection which occurs during the first 'n/4 cycle of roll.
If, in addition, several roll cycles occur prior to roll-through-zero, the
total deflection of the trajectory is given by: Equation (6):

CN (6)x'

- Zm' ---6 (6)

The above expression shows that the deflection of the lifting-
body trajectory from the zero-lift trajectory is proportional to the normal
force coefficient, as migt have been expected. More significant is the fact
that the deflection is inversely proportional to the bquare root of the rolling
moment coefficient at zero roll rate, where for a canted-fin bomblet
C ýo = CZ 6 " Thus, if roll-through-zero can be made to occur by the use
of a very small CZo or fin cant, a large trajectory deflection can be achieved.
Also noteworthy is the fact that the trajectory deflection is independent of

the flight velocity.

The amount of dispersion at ground impact can be estimated,
if the roll-through-zero period (time required to roll ± 7/4 cycles from
orientation at zero roll rate) is 3mall compared to the total flight time, and
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if the corresponding zero lift trajectory is closely approximated by a
straight flight path, i. e. , not affected by gravity. With these assumptions,
the ground impact dispersion in the direction of flight, R , and the cross-
range dispersion, r , can be expressed as

r - hC (7)
2 m' sin y-Cj 6 6

h CN
Zm' sinz I8)

3. Configurations.

The RTO bomblet configuration must basically provide for a
trimmed lift, a predictable roll direction, and a minimum desigr roll torque.

The principal problem in bomblet aercdynamic design, is the achievement
of large trimmed lift without introduction of snurious roll moments, iwbich
can overpower the design roll torque.

On the basis of the above, it vvaS decided that the bomblet body
should have a fineness ratio of about six, both f-r gurA lift chkaracteristic
and to provide an adequate moment arm for the stabilizing fins. A boattail
afterbody was considered desirable for the purpoze of decreasing the o,-erall
fin size and the space required for bomblet packaging. As a means of
reducing the induced roll, two design appioachis were Q;riginally considered:
(1) utilization of a ring-tail stabilizer, which would he relatively i-sensiti.e

to roll, and (Z) employment of wing incideince or bchy-nose csw,,+ therehy
permitting the body to trim at a small angle of attack. After some considet-
ation of the problems associated with manufacturing, pacl-aging, and aý-ro-
dynamic testing, it was decided to delete the ring-tail and canted nose body
configurations from further consideration during the present effoit.

The basic RTO configuration which evolved is shown li, Figure
21. The cruciform fins of the basic RTO configuration have a thick wedge
section for the purpose of increasing the fin effectivtness at transonic Mari,
numbers and to add drag. The fin tip section is modified to improve packag-
ing. The low aspect ratio wing providet added lift and can also be used to
produce the design rolling moment. The basic RTO homblet can also be

utilized without the wing surfaces, in which case fin tabs or fin incidence
would be used for roll control and longitudinal trim.

The basic RTO configuration was scaled to a 3-inch diameter
prototype size, and the bomblet was assumed to weigh 3.Z pounds. The size
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and inertia properties of the basic RTO bomblet conf~iguration are compar-

able to the Australian S-curve bomblet (1).

Daring the course of the analytical investigations, it became
apparent that a bomblet geometry similar to the basic S-curve bomblet con-
figuration might also be considered. The S-curve bomblet shape has the
advantage of a small induced roll moment, even though the lift curve slope
is considerably less than that of the basic RT0 configuration. Consequently,
an alternate RT0 configuration (Figure 22) was adopted. The alternate RT0

bomblet was scaled to a Z-inch-diameter prototype size, and the physical
characteristics, except for c. g. location, are the same as the blunt-nose
S-curve bomblet (Figure 1).

4. Aerodynamic Characteristics.

The subsonic lift and pitching moment characteristics of the
basic RTO bomblet with the wing attached at 10 degrees incidence are shown
in Figure 23. These data, as well as all other static aerodynamic data for

the RT0 bomblet, were obtained from the wind tunnel tests accomplished at
AEDC as part of the present effort. These test data are described in detail

in (4). The pitching moment data in Figure 23 are presented for
two center-of-gravity locations: the aft location (2.6 calibers from nose)
was used for the AEDC wind tunnel data reduction, and the forward location
(2.077 calibers aft of the nose) was used for flight simulations. As can be
seen, unfavorable wing-tail interference results in a large region of insta-
bility for the aft center-of-gravity location. With the forward c. g. , the

trim angle of attack with 10 degrees wing incidence is 8 degrees, and the
corresponding trimmed normal force coefficient is 1.09, which includes
the body-fixed zero angle-of-attack lift contribution of the wing.

Figure 24 shows the roll moment, side force, and side moment
coefficients of the basic RTO bomblet with wing at 10 degrees incidence, as
a function of the angle of attack and aerodynamic roll angle, ý . The in-
duced aerodynamic force and moments are appreciable, even at small
angles of attack, largely due m es the presence of thea sng.

\'ithout the wing, the subsonic lift and pitching moment char-

acteristics of the basic RT0 bomblet are as shown in Figure 25, for a center-
of-gravity location 2.7 calhters aft of the bomblet nose. In this configuration,
a body-fixed moment coefficient of 0.205 is required for trim at 8 degrees
angle of attack. This moment can be obtained with fin incidence or fin tabs.
The subsonic trimmed normal force coefficient is 0.55, which is about one-
half the normal force obtained with the winged configuration. The roll
mon,,ent, side force, and side moment coeffici,!nt, as a function of angle of
attack and aerodynamic roll angle, are shown in Figure 26. It will be
observed that the induced roll moment is reduced to zero at angles of attack
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Weight = 1. 51 pounds

Ix = 1.629 x 10-4 slug-ft0

I = 1.06 x 10-3 slug-ft2

Figure 22. Alternate Roll-Through Zero Bomblet Physical
Characteristics
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less than 12 degrees by removal of the wing. However, the induced side
moment remains large.

For the analytical investigations, it was necessary to estimate
the aerodynamic roll characteristics of the basic RTO bomblet, since the
roll dynamics data from the AEDC wind tunnel tests were not available.
For the basic RTO condigurations, a design rolling moment coefficient of
0.0015 was assumed. This is the estimated roll torque produced by +0.3
degree differential deflection of the wing surfaces.

Pitch damping data were also estimated. The pitch damping
was assumed to be linear and due entirely to the lift of the stabilizing fins.

A summary of the aeroballistic and aerodynamic coefficients
of the basic RTO bomblet without wings, including Mach number variations,
is presented in Table II. These data are presented in the notation used for
the 6-DOF trajectory program, as described in Appendix I.

For the alternate RTO bomblet configuration (S-curve bomblet
geometry), the aerodynamic data are identical to that shown in Figure 3 for
the basic blunt-nose S-curve bomblet, except that the center-of-gravity is
moved 0.1 caliber forward. This bomblet has a design trim angle of attack
of 10 degrees at Mach number 0.5, which requires a trim moment coeffi-
cient of 0.07. The induced roll moment of the alternate RTO bomblet con-

figuration is zero for angles of attack less than 16 degrees, and the induced
side moment is small in the trim angle-of-attack range. The design rolling
moment for the alternate RTO bomblet is based on 0.3 degrees- fin cant.

5. Motion Simulations.

Exact motion simulations have been carried out for the RTO
type bomblet using the 6-DOF trajectory program described in (3)
and the aerodynamic and physical characteristics data described in the
preceding paragraphs. The 6-DOF motion simulations supplement the basic
roUl-through-zero dispersion theory, and provide a description of the bomb-
let flight behavior as influenced by all of the aerodynamic coefficients and
the coupling of the rolling and pitching degrees of freedom. In addition, the
transient effects introduced by the initial flight conditions are determined
by the 6-DOF simulations.

As with the S-curve bomblet concept, the principal motion

variables of interest are the angle of attack and the orientation of the angle
of attack plane with respect to an earth-fixed reference frame. The latter
is described by the angle T, which is defined in Appendix I. The other
variables of intere'st are the orientation of the angle-of-attack plane with
respect to the body axes (angle 4 ). and the roll rate.
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"A"',,.. AFRODYNAMIC DATA SUMMARY

RTO PBOMBLET WITHOUT WINGS

A .R 011A Lms.riTC COEFFICIENrs

C.M t f ic ient Degrees
Nil t,. ir 0 i 4j 6 8 12 16 20 30

6x 0-0. -.Z -. 231 -. 239 -. 246 -. 248 -. 250 -. 264 -. 248 -. 248
0. 7 2, 25 -. 262 -. 267 -. 272 -. 276 -. 280 -.264 -. 264
0. . 24 287 -. 294 -. 301 -. 308 -. 314 -. 319 -.316 -. 316

CN 0-0. 3 0 130 .260 .400 .550 .850 1.210 1.61 2. 8
0,7 0 130 .270 .420 .570 .900 1.310 1.67 3.2
0.9 0 .140 .280 .440 .600 .990 1.470 1.98 3.6

CM 0-0.3 0 -. 022 -. 074 -. 135 -. 205 -. 420 -. 719 -1.02 -1.2
0.7 0 -. 049 -. 088 -. 148 -. 243 -. 515 -. 844 -1.25 -1.5

0.9 0 -. 041 -. 102 -. 196 -. 330 -. 701 -1.068 -1.40 -1.65

CMQ - CNR 0-0. 3 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0
0.7 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0
0.9 -34. 0 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0 -34.0

CMPR CNPQ 0-0. 3 0 0 0 0 0 0 0 0 0

0.7 0 0 0 0 0 0 0 0 0
0.9 0 0 0 0 0 0 0 0 0

CNP 0-0. 3 0 0 0 0 0 0 0 0 0

0.7 0 0 0 0 0 0 0 0 0
0.9 0 0 0 0 ( 0 0 0 0

Cl 0-0.3 .0015 .0015 .0015 .0 .0015 .0015 .0015 .0015 00 1 5
0.7 .0015 .0015 .0015 .0015 .0015 .0015 .0015 .0015 .0015

0.9 .0015 .0015 .0015 .0015 .0015 .0015 .0015 .0015 .0015

CI.P 0-0.3 -. 739 -. 739 -. 739 -. 739 -. 739 -. 739 -. 739 -,739 -.739
0.7 -. 739 -. 739 -. 739 -. 739 -. 739 -. 739 -. 739 -. 739 -.739
0.9 -. 739 -. 739 -. 739 -. 739 -. 739 -.739 -. 739 -. 739 -.739

CMP 0-0.3 0 0 0 0 0 0 0 0 0

0.7 0 0 0 0 0 0 0 0 0

1 0.9 0 0 _ 0 0 0 0 I o o 0 0

ADDITIONAL AERODYNAMIC COEFFICIENTS (BODY-FIXED)

C0. Z O5 .20 ; S .20r, .205 .205T zo .205 .205 f.20r,
0.9 205 .20, 5 .205 .Z05 .205 .205 .205 .205 .20-

CF10-0. 3 0 .002 10065 .0135 .026 .07Z .134 .13 .5

0.7 0 .0015 .0045 .0135 .0285 .081 I SAS 2 3 .4

0 .0015S .0055~ .0165 .0365. 102.5 10~7 K27 F

CSMI 0-0.3 0 -. 004 -.OZ5 -. 03Z0 -.065 -. 115 -. 270 -. 45 -. ;4
0.7 0 -. 0065 -.012c -.o040 -. 080 -. 25t -. 442 -.610 -. hI°
o0, 0 -.005 o01S0 .. 044 -. 0801-. 10; -.49S t-.61I I..,,

I0-0.1 0 0 0 0 0 0 P U'S 12c,
n07 0o0 0 0 0 I.010 .o26i .026 II'

o 0 0 0 0 0 .010 .0.,16 o2,,I .,
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Figure 27 depicts the motion histories of a hy;pothetical RTO
bomblet (similar to the basic RTO bomblet configuration) with linear aero-
dynamics and a design trim lift coefficient of 0.5. In this example,the
induced roll moment, side force, and side moment coefficients are assumed
to be zero. The dispenser opening conditions are ho = 1000 ft, Vo = 600 fps,
and y = 15 degrees, and the bomblet is released at zero angle of attack
and with a negative roll rate of 2 cycles per second. Following release from
the dispenser, the bomblet roll direction reverses, due to the built-in posi-
tive roll torque (C£ = 0.0015). At the same time, the angle of attack, cO
responds to the built-in trim moment and rapidly damps to the static trim
angle of four degrees. The orientation of angle-of-attack plane with respect
to the body axeso(angle D ) is at first oscillatory and then damps to zero,
indicating that the rolling and non-rolling trim angle-of-attack vectors are
coincident. The orientation of the angle of attack plane with respect to
horizontal (angle T ) also shows oscillatory behavior due to pitch-roll
coupling effects. The region where T is within iT /4 of the value of ¢ at
zero roll rate is indicated in Figure 27, and the corresponding time period
is noted to be about 0.92 second- On the basis of the simplified theory,
this period is

ýd - TrI

V ij2I (9)

t 0.86 sec

which illustrates fair agreement between the 6-DOF results and the simpli-
fied theory. Comparisons of the theoretical and 6-DOF results for flight
path deflection and lateral dispersion show that for this case the theory
underpredicts these quantities, the predicted dispersion being about 20 per-
cent less than that indicated by the 6-DOF simulations.

Figure 28 illustrates typical motion histories which were
obtained using the measured aerodynamic data for the basic RTO bomblet
configuration with the wing at 10 degrees incidence (see Figures 23 and 24).
In this case, the induced roll moment overpowera thee built-in positive roll
torque and produces very large pitch-roll coupling ettects. The aerody-
namic roll angle, ý , initially damps, but then slowly diverges. This
results in a gradual increase in the induced side moment as well as the
induced roll moment, and after approximately 0.8 secondi, a rapid, un-
stable, counterclockwise coning motion develops. Figure 29 shows the
development of the coning motion in - , i coordinates. Because of the
erratic flight dynamics and poor dispersion of the RTO bomblet configura-
tion with wing surfaces, and since there was no apparent method for reduc-
ing the roll dependent aerodynamic characteristics contributed by the wing,
this type RTO bomblet was dropped from further consideration.
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Typical I'light char,acteristl ics of the wingless RTO I)onl)l.lt

I 1 igurv 21(A)J are depicted in V'i gtre 30 for release conditions identi cal to

those considered for the preceding cases. This configuration possesses an

induced side moment, but no induced roll moment at the static trim angle of

attack. The angle-of-attack dynamics for the wingless configuration exhibit

considerable pitch-roll coupling including relatively large-amplitude poorly-

damped oscillations of 0 , T , an(' C. The ' oscillations have a near

zero mean and consequently the side moment has a small net-effect on the

motion. Although the T oscillations are large, there is a relatively long

period (about 0. 8 second) where the angle-of-attack plane remains within

one quadrant, and this provides for significant deflection of the flight path

from the zero-lift trajectory.

The alternate RTO bomblet (Figure 22) also has zero-induced

roll moment at angles of attack equal to or less than the trim angle of attack

and small induced side moment. However, the configuration has less static

stability than the basic RT0 bomblet without wings. As a result, the angle-

of-attack dynamics are distinctly different. Figure 31 shows time histories

of the same motion variables which have beer. examined previously. In this

example, the angle, ý , does not approach zero, but rather, slowly changes

with time as a function of the direction and magnitude of the roll rate. This

phenomenon is typical near-resonance behavior, and the magnitude of ý

represents the phase angle between the rolling and non-rolling trim vectors.

After about 0.8 second the orientation of • is such that, for a six-fin con-

figuration, the sign of the side moment changes from negative to positive.

The positive side moment reduces the effective damping, and consequently

the static trim angle of attack is amplified. These characteristics are often

observed in sounding rockets and have been extensively studied in connection

with the roll lock-in and resonance problem areas. [See,for example, (5)].

For the alternate RTO bomblet, the ang!e , varies smoothly

aith time; however, there is only about a 0.5 second period where T is

within r/4 of the roll-through-zero orientation.. Consequertly, the disper-

sion of the alternate RTO bomblet configuration is somewhat poorer thar

that of the basic RTO configuration vithout the wing. One of the reasons

for this is that the design roll torque for the alternate RTC bomblet configu-

ration is about twice that of the basic configuration.

6. Trajectory and Impact Pattern Characteristics.

The impact dispersion characteristics of the roll-through-zero

type bomblet have been evaluated for the standaid dispenser opening condi-

tions I - IV. This permits the RTO bomblet dispersion boundaries to be

compared with those for the S-curve type bomblet. The tra*ectory and

impact pattern data for the RTO-typc bomblet were computed using the

exact six-degrees-of-freedom equations of motion.
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!n a!! ('ases.it was assumed that the RTO bomblets had zero
ani2t'l of attacki at the instant of release from the dispenser. This was possi-
!ý): s[nce the trinm momrent, Cmo, causes the nose of each bomblet to rotate
,,tvard from the dispenser line of flight. To establish a ground impact
boundary curve, the initial orientation of the y-z body axes was varied by
selecting values of ' between zero and 27r (at intervals of 71/4). Since
.ach bomblet rolls through almost rxactly the same number of roll cycles

,)etWeen release and the roll-through-zero point, the deflection of the flight
path at zero roll rate also occurs in \arious radial directions.

Figures 32-35 preser?. trajectory and dispersion data for the
RTO Tbonnblet configurations.

First, attention will be drawn to the dispersion characteristics

of the basic wingless RTO homblet, with a mean roll torque coefficient of
0.0015. For the low-speed dispenser opening condition (Figure 32).the dis-
persion pattern corresponding to the mean roll torque has a mean width of
abo•t 1;0 feet, which is small. For the high-speed dispenser opening con-
ditions,the impact pattern size increases significantly, and for dispenser
opening condition III, a mean pattern width of about 600 feet is indicated,
w.hile for dispenser opening conditions II and IV, the mean pattern width is
in excess of 400 feet.

For dispenser opening conditions II and III. the dispersion

patterns of the basic RTO bomblet tend to be elliptical, with a maximum
ratio of along- range to cross-range deflection of about 3:1. For the 45

degree release angle, dispenser opening condition IV, the impact pattern
becoues nearly circular.

Alternate RTO Bomblet Confilturation. The dispersion of the
alternate RTO bomblet configuration is compared in Figure 34 and is about
one-half that of the basic RTO bomblet. The reduction in pattern size is due
primarily to the larger roll torque coefficient of the alternate bomblet con-

tiguration.

Comparison with Theory. In accordance with the simplified
theory, the lateral dispersion of the basic RTO bomhlet correlates almost
linearly with the s-ant range between the roll-through-zero point and impact
point. except for a slight discrepancy in the case of dispenser opening condi-
tion IV. A good correlation with slant range would be expected, because all
1)f the other parameters in the theoretical dispersion equation were held
•-rnstant in tile sim.,lation of the basic co-figuration. The 6-DOF results

ctonfir m'n that the R'H 0 bomblet disper-:on is essentially independent of the
fit :.ht \tl •i¥
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Effect of Roll-Torque Coefficient. The impact points which
have thus far been presented for the roll-through-zero type bomblet do not,
as in the case of S-curve bomblet, represent the maximum dispersion. The
computed dispersion is that corresponding to a mean value of the design roll
torque, i. e., the design roll torque coefficient. Assuming ti at the stabiliz-
ing fins are canted to produce the design torque, it must be considered that
the average fin cant will not be identical for all bomblets due to production
tolerances, assembly, damage, etc. The statistical variation of the fin
cant may be something like the normal distribution sketched below:

Frequency

SMean

S( " ) ( +)+ Fin Cant,6

Thus, bomblets which have 6 values less than the mean value will tend to
have greater dispersion, while those with 6 values greater than the mean
will have less dispersion. It is also to be noted that some bomblets have
negative 6 and hence will not reverse their roll direction. These bomb-
lets will have very small dispersion.

Assuming for the basic wingless RTO bomblet that the two
sigma error in the design roll torque coefficient is 0.0010, then the pattern
boundary containing 95 percent of the bombiet impacts would be evaluated
with C = 0.0005. Such a boundary is shown in Figure 34 for dispenser
opening condition I11. The pattern width is increaseŽd to about 800 feet. It
is noteworthy that the exact calculation for the effect of Cz on dispersion
is in close agreement with theory, i. e., the dispersion is inversely propor-
tional Lo the square root of the roll torque coefficient.

Effect of Dispenser Spin Rate. The dispenser spin rate affects
the R•T0 bomblet performance in two ways. First, an increase in the dispen-
ser spin rate delays the time at which roll-through-zero occurs. This
causes the trajectory to be deflected closer to the target. thus relucing the
dispersion. Second, the dispenser spin rate affects the change irt roll
orientatioii which occurs prior to roll-through-zero. If the dispenser
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spin rate were initially zero, the trajectory deflection would be reduced to
about one-half the maximum value.

An exact determination of the effect of dispenser spin rate was
accomplished by use of the 6-DOF trajectory program. The hypothetical
RT0 bomblet with linear aerodynamics and design lift coefficient of 0.5 was
utilized for the investigation. The bomblet rolling moment coefficient was
assumed to be 0.0015. The resulting impact pattern data are shown in
Figure 36 for dispenser spin rates of 1.0 and 2.0 cycles per second. The
dispersion is about 30 percent greater for the 2.0 cps spin rate.

C. DUAL-MODE BOMBLET

1. Description of Concept.

The dual-mode bomblet concept combines the dispersion cap-
ability of the magnus rotor with the terminal flight characteristics of the
conventional bomb. The dual-mode feature requires a change in bomblet
configuration during flight, for both the purposes of retarding or stopping
the spin associated with the magnus-rotor operation and stabilizing the
configuration at small angle of attack for terminal impact. The dual-mode
bomblet configurations investigated to date [ (6), (7), and (8) ], have
been comprised of a cylindrical body with two-position folding vanes. When
closed, the vanes serve to spin the magnus rotor; when open, they provide
stabilizing surfaces for ballistic flight. The open vanes also provide an
increase in drag which results in a more vertical flight path at impact.

2. Background.

The dual-mode bomblet concept was evolved as a means of
providing an efficient fragmenting-warhead geometry, together with a near-
vertical impact capability. The cylindrical-shaped %arhead, with a fineness
ratio of about 2:1, was found to provide greater lethality than existing
spherical magnus-rctor munitions.

Preliminary analytical studies of the dual-mode concept were

concerned with the bomblet flight dynamics during transition from magnus
rotor to ballistic flight. These investigations determined that the dual-mode
concept was feasible, based on available but incomplete aerodynamic data.
At the same time, limited wind tunnel tests of dual-mode bomblet configura-
tions wkere undertaken, both for measurement of aerodynamic forces and
evaluation of the transition spin dynamics. These experimf.nts revealed
that a major problem area was the tendency of the stabiliz.ing vanes to auto-
rotate at large angular velocities in the ballistic flight mode. It was realized
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that auto rotation could produce a large magnus moment, which would pre-

clude stable ballistic flight at small angles of attack.

To mitig•,_ tik.s effect, a symmetric blunt-leading-edge vane

was developed for the Fliptail dual-mode bomblet (8). This .ane produced

no auto rotation at small angles of attack and only slow autorotation angular

velocities at large angles of attack. Subsequently, a successful flight demon-

stration of the Fliptail bomblet was accomplished at 120 knots airspeed, and

transition from the magnus rotor mode to ballistic flight was observed to

occur in about one second.

3. Configurations.

For the present effort, both a vane-stabilized (Fliptail-type)

dual-mode bomblet and a ballute-stabilized dual-mode bomblet were selected

for evaluation. Each bomblet is comprised of a cylindrical warhead body,

1.78 calibers in length, plus the necessary spin-torque vanes and stabilizing

appendages. The warhead body was scaled to 3.38 inches in diameter, and

the bomblet weight was assumed to be 6.5 pounds, consistent with the

Fliptail bomblet characteristics. The external configuration of each bomb-

let and the core-esponding physical characteristic data are summarized in

Figure 37.

Each dual-mode bomblet has the same magnus-rotor configura-

tion, consisting of four spin-torque vanes and two square-type end plates.

The end plates serve primarily to hold the spin-torque vanes in position

and are jettisoned at the start of transition.

Previous analytical work (8), (9) and unpublished results from

flight tests show that the magnus-rotor configuration is dynamically stable

in gliding flight.

Two ballistic versions of the Fliptail bomblet have been con-

sidered, correspoi-.Ing to vane trail angles, C , of zero and 45 degrees.

Two vane angles were selected for evaluation, because of the variation in

the restoring moment, magnus moment, and spin damping characteristics

with vane angular position.

The ballute-type stabilizing device was selected because of its

simplicity of operation, and it is envisioned that its deployment would be

initiated by an internal pressure source. The ballute-tvpe stabilizer neces-

sitates the use of separate throw-away spin v.,anes for magnus rotor opera-

tion.

The ballute geometry is based on the data of (10). and

includes a circumferential flow separation ring. In addition, four longitudi-

nal ribs are attached to the forv.ard surface of the ballute as a means of

increasing the roll damping.
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b) Vane-Stabilized Bomblet

Weight -6. 5 lbs.

Ix = 0.00278 slug-ft2

I = 0.00595 slug-ft,

c) Balute-Stabilized Bomblet

Figure 37. Dual-Mode Bomblet Configurations
and Physical Characteristics D;ta
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4. Aerodynamic Data - Ballistic Configurations.

Static Aerodynamic Data. The static aerodynamic force and
moment coefficients for the dual-mode bomblet configurations were obtained

from wind tunnel tests at AEDC. The details of these tests, which were
accomplished concurrently with the present contractual effort, are described
in (4). Subsonic normal force, drag force, and pitching moment
data were measured at angles of attack from zero to 160 degrees, and the
effect of the aerodynamic roll angle was determined for angles of attack
from zero to 20 degrees. These data are presented in Figures 38-41.

The principal difference in the static aerodynamic character-
istics of the three dual-mode bomblets is the variation of the pitching moment
with angle of attack. The trailing-vane configuration ( C = 45 degrees) is
more stable than the configuration with no trail ( C = 0) at all angles of
attack. The ballute configuration has greater stability than either of the
vane configurations at zero angle of attack but less stability at 90
degrees angle of attack. The ballute configuration is also stable in backward
flight, which may be an undesirable characteristic. At zero angle of attack,
the ballute configuration has about three times as much drag as either of the
vane - stabilized configurations.

Dynamic Aerodnamic Coefficients for Vane-Stabilized
Bomblet. Magnus force and moment and spin damping data for the vane-
stabilized býmblets were estimated from published and unpublished Aerojet-
General test data for the Fliptail bomUet. The Magnus coefficients for the
vane configurations with zero trail were determined from tests of a model
wit'1 twisted vanes and hence may be considerably in error. The magrnus
data for the t,-ailing-vane configuration were measured at low spin rates
and may also be i.naccurate. However, the o-:erall magnitude and trend of
the magnus data are believed to be adequate for investigation of the dual -

mode bcmblet transition dynamics.

Pitch damping data for the vane-type dual-mode bomblet were
based on previous estimates for the Fliptail bomblet. The rolling moment
due to vane cant was estimated from the data of (11).

Table Ill summarizes the aerodynamic data which were used
for six-degrees-of-freedom simulations of the vane-type dual-mode bomblet

45 degrees).

Dynamic Aerodynamic Coeýfficient for Ballute -Stabilized
Bomblet. Magnus and damping coeffic >nts for the ballute-stabilized bomb-
let had to be appro, since neithe. adequate theory nor test data were
available. The pitc'. ng was estimated from the assumption that the
ballute drag force wouod align with the local "low. The magnus force and
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Figure 38. Drag Coefficievi" .)f Dual-Mode Bomblet Configurations
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Figure 39. Normal Force Coefficient of Dual-Mode Bomblet

Configurations
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Figure 40. Pitching Moment Coefficient of Dual-Mode

Bombiet Configurations
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moment were determined with the aid of magnus-rotor data, for angles of
aLtack near 90 degrees; at intermediate angles of attack the magnus force
was assumed to be due entirely to the lateral cross force on the windward
rib. The spin damping was estimated from the local cross force on the ribs
except where they were immersed in the wake. The dynamic coefficients
for the ballute stabilized bomblet are summarized below:

Cm q = - 3.9

CNp = -0.72 a = 90 degrees
-4.

CMp = 1.00 :a = 90 degrees
-4

CMp = 0. 86 a = 0

C2p = -. 203 : a = 90 degrees

Cp = -. 162 : c = 0

5. Aerc -namic Data - Magnus Rotor Configuration.

Aerodynamic data for the magnus rotor flight phase were taken
from (8). The coefficient values at 90 degrees angle of attack and subsonic
conditions are as follows:

CD = 1. 13

CL = 1. 23C p
C£ k = 0. 075

CGkp = -0. 170

6. Motion Simulations.

The practicability of the dual-mode bomblet concept depends
almost entirely upon the bomblet behavior during the transition period
following termination of magnus-rotor flight. The transition to ballistic
flight must occur rapidly, and at the end of the transition period the bomblet
must have attained a stable motion.

One of the purposes of the present effort was to ascertain the
factors which contribute to improved transition behavior. Secondly, there
was need for investigation of the dynamic effects introduced by the addition
of roll-dependent aerodynamic coefficients, accidental fin cant, and body-
fixed longitudinal asymmetry, factors which had not heretofore been con-
sidered.

Initial Conditions Motion simulations have been carried out
for the dual-mode bomblets, using the 6-DOF trajectory program described
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in (3). The bomblet transition dynamics were investigated for initial flight

conditions corresponding to steady gliding flight in the magnus-rotor mode,
specifically,

Vo = 175 ft/sec

Yo = 64.93 degrees

p0 = 548 rad/sec

S= 90 degrees

Vane- Type Dual-Mode Bomblet ( • = 0,. The transition
dynamics of the vane-type dual mode bomblet (no vane trail, ý = 0) were
computed without consideration of configurational asymmetries. The result-
ing histories of spin rate, angle of attack, and azimuth orientation are
presented in Figure 42. Although the bomblet despins in about 1. 5 seconds

the angle of attack remains near 90 degrees for several seconds, and
after five seconds the angle of attack oscillations still have an amplitude of
45 degrees. Inspection of the azimuth motion (Euler angle * ) reveals

that the bomblet develops a very rapid coning motion during despin, which
persists even though the spin rate approaches zero. The coning motion
damps slowly and only when the coning rate has decreased to about 4 cps

does the angle of attack begin to diminish.

An arbitrary increase in the spin damping coefficient by a

factor of two did not significantly reduce the large amplitude coning motion
of this configuration.

From a dynamical viewpoint, the transitional motion of this
bomblet is quite complex. For the first 0.34 second of transition, the
motion is characterized by a highly unstable nutation, but subsequently the
motion breaks out into a precessional-type motion, with the coning opposite

to the direction of axial spin. The above behavior is believed to be initiated
by the large negative magnus moment which exists at 90 degrees angle
of attack. The persistence of the large angle of attack coning motion is due
to the fact that this mode is lightly damped.

Vane-Type Dual-Mode Bomblet ( • = 45 Degrees) The effect

of increasing the vane trail angle, C , to 45 degrees is depicted in Figure
43. The transition dynamics are greatly improved, primarily as a result of

the change in magnus moment characteristics. The spin momentum is dis-
sipated without the development of a rapid coning motion and the nutational

motion is suppressed. Within 1.5 seconds from the time of vane deployment,
the total angle of attack decreases to less than i0 aegrees. The altitude loss
during this period is approximately 250 feet.
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The effects of unintentional fin cant and longitudinal misalign-
ment, on the transition dynamics of the vane-type dual-mode bomblet
( C - 45 degrees) have also been investigated. A small negative fin cant
angle of 0.2 degree was introduced to determine the susceptibility to roll
lock-in. The motion data are shown in Figure 44. Although the roll orienta-
tion of the body axes, ý , approaches a fixed value between 1.1 and 1.5
seconds, there is no corresponding tendency of the aerodynamic roll angle,
4 , to become constant (i. e., to lock-in). The lock-in is avoided, princi-
pally because of the finite counterclockwise coning motion during the 1.1-
to 1.5-second time period. Thus, the change in angle of attack plane orienta-
tion has more effect on the time history of 41 than does the rolling motion.

The effect of longitudinal misalignment is most significant when

the bomblet passes through or approaches a pitch-roll resonance condition.
One resonant condition occurs during despin, and a second resonant condi-

tion occurs after despin, if the cant angle is large and negative. For a
misalignment corresponding to Cmo = 0.05 (1.25 degrees non-rolling trim)
and a fin cant angle of -2.0 degrees, motion history data are presented in
Figure 45. The motion histories of the angle-of-attack parameters do not
reveal any large disturbances or extreme trim amplificatio, s, although
resonance conditions were experienced for both positive and negative spin
r ate s.

Both resonance periods are of short duration, the second being
about 0.4 second. Thus, there is insufficient time for a noticeable change

in the angle of attack due to trim amplification.

During the second resonance, there is a momentary roll lock-
in, evidenced by the reversal in sign of $ . This situation occurs at the
second resonance because both the rolling and coning motions have the same
direction and angular rate. There does not appear to be a noticeable effect
of the side moment during the lock-in period.

Ballute -Stabilized Dual-Mode Bomblet The transitional
motion of the ballute-stabilized dual-mode bomblet is shown in Figure 46.
A period of about 7 seconds is required for the angle of attack to de-
crease below 10 degrees, and the spin rate decays very slowly. However,
the motion is well damped at all angles of attack, and there is practically
no coning motion.

The trajectory and impact pattern characteristics of the dual-
mode type bomblet have been evaluated for standard dispenser opening con-

ditions III and IV, and for a high altitude vertical descent dispen-
ser opening condition. For the first'two conditions only the vane-stabilized

dual-mode bomblet ( r 45 degrees) was considered. The high altitude

release condition was selected for investigation of tihe dispersion of the
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ballute-stabilized bomblet, because this bomblet requires a much greater
time to complete transition from glide to ballistic flight.

The dispersion pattern at impact was approximated in the fol-
lowing manner. First a series of magnus rotor trajectories were computed,
using the 6-DOF trajectory program, (3). The trajectories were
initiated with the rotor at 90 degrees angle of attack. For the non-
vertical release conditions, various initial orientations of the angle-of-attack
plane were assumed. The resulting trajectories describe the near-maximum
dispersion attainable during the magnus-rotor flight phase. At a fixed time
after dispenser opening, the magnus-rotor trajectories were terminated.
The sta-ting time for glide-to-ballistic flight transition was selected such
that the transition would be completed prior to impact, i. e. , such that the
bomblet angle of attack would be less than 10 degrees at impact. From the
beginning of transition to impact, trajectory data were computed on the
assumption of pure ballistic flight, using a constant drag coefficient repre-
sentative of a fully deployed stabilizer.

The trajectory and impact pattern data for dispenser opening
conditions III (ho = 1000 feet, Vo = 600 ft/sec, Yo= 15 degrees) and IV
(ho = 2000 ft, Vo = 900 ft/sec, yo= 45 degrees) are presented in Figures
47 and 48, respectively. For each of these release conditions the impact
boundary is nearly circular. The impact pattern is about 400 feet in diam-
eter for the 1000-foot release altitude and about 800 feet in diameter for
the 2000-foot release altitude; thus,the pattern size increases in a nearly
direct relation with the release altitude.

The dispersion characteristics of the bailute-stabilized dual-
mode bomble: are shown in Figure 49 for a 5000 foot dispenser opening
altitude, with vertically downward release velocity of 400 ft/sec. It will be
noted that an impact pattern diameter of about 1600 feet is achieved.

D. SPINNING-DISK BOMBLET

1. Description of Concept.

The spinning-disk bomblet achieves dispersion both as a result
of the aerodynamic magnus force (normal to disk axis) and the aerodynamic
lift or side force (normal to the plane of the disk). The angular mcmentum
of the disk prevents the body from pitching and yawing rapidly, and this
tends to stabilize the orientation of the plane of incidence and the direction
of the magnus and lift forces. It is sometimes useful to refer to this ap-
proach as the spin-stabilized incidence dispersion concept. The advantage
of the disk shape, when applied to the spin-stabilized incidence concept, lies
in the fact that the lift force remains large at high subsonic and supersonic
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Mach numbers, whereas the magnus force becomes extremely small for all

body shapes at Mach numbers above critical.

2. Background.

Previous studies of spinning disks during re-entry [for exam-

ple, (12)], have shown that sizeable dispersion can occur even though the
magnus force is not considered. Likewise, flight simulations of low-fineness
ratio magnus rotors, with relatively large polar moments of inertia, have

shown that the aerodynamic side force can contribute to the dispersion.
Further, ballistic range tests of magnus rotors at supersonic velocities have

revealed dispersions which cannot be attributed to the magnus force, but

which appear to be related to the bomblet side force (13).

3. Disk Bomblet Configuration.

For the present investigation a 5.15-inch diameter elliptical
cross-section disk-shaped bomblet was selected for investigation. Small
vanes were added to the disk for the purpose of providing the required axial

spin. The complete physical characteristics of the disk bomblet are de-
scribed in Figure 50.

4. Aerodynamic Characteristics.

For computational purposes, the aerodynamic characteristics

of the disk have been described using the aeroballistic notation of Appendix I.

Subsonic and transonic values for the coefficients Cx, CN, and Cm were

obtained from (14) and (15). Figure 51 depicts the variations of CL and
Cm with disk incidence.

The dynamic coefficients were determined by use of slender-

body theory and magnus rotor wind tunnel data and by consideration of the

force and moment contributions of the vanes during rotational motion. These
estimates are described in (16). The aerodynamic coefficients used for the
6-DOF simulations are summarized in Table IV.

5. Simulation Results.

The disk-bomblet dispersion characteristics have been evalu-

ated for a representative cluster dispenser event condition as follows:

ho = -2000 feet

VO = 900 ft/sec

Yo = 20 degrees
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Figure 50. Disk-Bomblet Configuration
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The disk bomblets were assumed to be randomly oriented in

the warhead, and initial values of the angle-of-attack parameters were
selected accordingly.

Figure 52 depicts typical transient motion data for a spinning-

disk bomblet following release from the dispenser. The motion consists of
a high-frequency nutation, with a peak-to-peak amplitude of about 15 degrees

and a slow counterclockwise precession. The angle-of-attack history re-

veals that the disk configuration has a strong tendency to stabilize with spin

axis normal to the flow. In this example, the bomblet angle of attack in-

creases from an initial value of 33 degrees to 90 degrees in about two

seconds. Because the disk lift force is maximum at an angle of attack of 70

degrees and zero at 90 degrees, the deflection of the trajectory, due to lift,

also occurs within the first two seconds of flight.

Trajectory and impact data for several spinning-disk bomblets

with random initial values of the angle-of-attack parameters are presented

in Figure 53. It can be observed that flight-path dispersion occurs in two

phases. The initial deflection of the trajectories begins at about 400-foot

slant range and is a result of the lift force. Subsequently, the trajectories
are deflected further by the magnus force but not necessarily in the same

directions as the initial deflections occurred. The impact points, while not

uniformly distributed, indicate a maximum dispersion pattern diameter of

about 1800 feet.

More detailed study of the trajectory and motion data reveals

that the lift force contributes only a small fraction of the total dispersion

and that most of the dispersion results from the magnus force. The equiva-

lent radial ejection velocity, corresponding to the initial deflection of the

flight path by the lift force, is about 20 ft/sec.

The present results show the spin-stabiIized incidence concept

to be feasible, even though the dispersion achieved bythis technique appears

to be small, based on the aerodynamic input data utilized. The use of con-

figurational asymmetry or axial displacement of the center-of-gravity, as

a means of reducing the overturning moment in the angle-of-attack range for

maximum lift, should be considered in future studies.
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SECTION III.

DISCUSSION AND COMPARISON OF
PROPOSED BOMBLET CONCEPTS

A. DISPERSION AND AREA COVERAGE

Comparison of S-Curve and RTO Bomblet Concepts Of the four
bomblet concepts investigated, the S-curve bomblet has the largest area
coverage potential for low-altitude high-speed weapons delivery. S-curve
bomblets manufactured to a high degree of precision (accidental fin cant
equal or less than about 0.02 degree ) can produce an impact pattern bound-
ary exceeding 3500 feet in width for a dispenser functioning altitude of 300
feet. The roll-through-zero type bomblet can also provide extensive disper-
sion under low-altitude-high-speed delivery conditions, and a pattern width
in excess of 800 feet can be realized when the design roll-torque coefficient
is 0.0005.

Direct comparison of the S-curve and RTO bomblet requires con-
sideration of the allowable asymmetries and misalignments. For example,
comparison of the data from Figures 18 and 33, for dispenser opening
condition II, shows that the S-curve and RTO bomblets have about the same
area coverage, if the S-curve bomblet fin cant is of the order of 0.5 degree,
and the fin cant of the RT0 bomblet is 0. 23 degree, (C o = .0 O15). If the
S-curve bomblet has a 0.5-degree misalignment of two opposing fins
(Cmo or Cno= 0.004),the area coverage is less than that of the RTO bomblet.

Considering a fin cant angle of 0.1 degree for the S-curve bomblet,
which is a realistic magnitude of fin cant for test bomblets*, it will be noted
from Figure 54 that the impact pattern boundaries for the S-curve bomblet
have dimensions which are about twice those of the RTO bomblet impact
patterns with C. 0 = 0.0005.

Dual-Mode and Disk Bomblet Comparisons For high speed
delivery, the vane-stabilized dual-mode bomblet requires dispenser opening
altitudes in excess of 1000 feet to permit both effective dispersion and trans-
ition from magnus-rotor to ballistic flight. For a 2000-foot delivery altitude
(dispenser opening condition IV), the dual-mode bomblet dispersion is com-
pared with the S-curve and RTO bomblets in Figure 55. For this condition,
both the dual-mode and RTO bomhlets have impact patterns about 800 feet in
diameter. For higher delivery altitudes, the area coverage of the dual-mode

* Measurements made by The Weapons Research Establishment (17) on a
group of test bomblets have indicated a mean cant angle of 0.09 degree,
with 0.077 degree standard deviation.
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bon-iblet will become, progressively greater and will eventually exceed that
()f either the S-curve or RTO bomblets.

Figure 55 also shows, for comparison, the impact dispersion
bounr'ary for the disk bomblet, which is about 1800 feet in diameter. The
disk bomblet dispersion is approximately equal to that of the S-curve bomblet
for the delivery conditions indicated. As noted previously, the disk bomblet
impact dispersion is only slightly influenced by the disk lift force.

Comparison of Proposed Concepts with Radial Force Ejection
Systems. Figure 56 compares the S-curve and RTO bomblet dispersion with
the area coverage capability of a zero-lift bomblet dispersed by a radial-
force-ejection system. For trajectory computations, the zero-lift bomblet
is assumed to have a baliistic coefficient matching that of the S-curve and
RTO bomblets. Ejection velocities of 50 and 100 ft/sec are considered for
the radial -force -ejection system.

As can be seen from the data, the radial-force-ejection system is
most effective for low-speed C.rd low-altitude delivery conditions. Consider-
ing a dispenser opening velocity of 300 ft/sec, for example, a radial ejection
velocity of 50 ft/sec results in greater area coverage than that obtained
with either the S-curve or RTO bomblets.

However, at high-speed dispenser opening conditions, both the
S-curve and RTO bomblets are capable of impact patterns larger than those
obtainable using an ejection velocity of 100 ft/sec.

Comparison of Proposed Bomblet Concepts with BLU-26/B Magnus-
Rotor. The dispersion performance of the CBBU-24 munition (BLU-26/B
magnus-rotor bomblet and SUU-30 type dispenser) has been extensively
investigated (18) for delivery conditions approxdmating those considered in
this report. A comparison of the area coverage of the proposed bomblets
with that of the BLU-26/1B is illustrated in Figure 57.

For dispenser opening condition Ill, the BLU-26/B dispersion
pattern has an outer diameter of about 800 feet. This pattern size is greatly
exceeded by the S-curve type bomblet, while the RTO bomblet exhibits about
the same size pattern for a roll torque coefficient of C;o = 0.0005. The dis-
persion achieved wit., the dual-mode bomblet, for dispenser opening condi-
tion III, is about one-half that of the BLU-26/B.

The disk bomblet impact dispersion is comparable to that of the
BLUJ-26/B, when allowance is made for the effect of the flight path angle at
dispenser opening. The latter comparison is illustrated in Figure 57(C).
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Effect of Delivery Velocity and Mach Number. The dispersion of

the S-curve-type bomblet is extremely sensitive to velocity and Mach number
effects. With increasing velccity and dynamic pressure, the aerodynamic

lateral force becomes larger, thus increasing +he dispersion. At the same
time, the spin rate increases with velocity, and if the accidental cant is
large enough, the spin rate will exceed the critical spin rate. This will
result in coning motion and reduced dispersion. in addition to the above
effects, the S-curve bomblet lift can change appreciably with Mach number
due to the sensitivity of the stability and trim angle of attack to Mach nurn-
ber.

The RTO bomblet dispersion is essentially independent of the
delivery velocity, except as it modifies the distance between release and
impact. The aerodynamic stability, trim, and roll dynamics of this bomb-
let are only slightly affected by velocity and Mach number.

The effect of velocity and Mach number on the dual-mode bomblet
dispersion will be the same as for any other magnus rotor. The altitude and
time required for transition from magnus-rotor flight to ballistic flight is
almost invariant, since this flight phase occurs after the rotor has deceler-
ated to nearly constant velocity.

The effect of velocity and Mach number on the disk-bomblet disper-
sion has not been determined since only one delivery condition was investi-
gated.

Effect of Delivery Altitude. The impact dispersion of the S-curve
and RTO bomblets is not significantly influenced by dispenser opening altitude

for the range of delivery conditions investigated. The dual-mode bomblet
dispersion increases linearly with altitude, for altitudes above the minimum
altitude required for magnus-rotor-to-ballistic-flight transition. This mini-
mum altitude is about 250 feet for the vane-stabilized dual-mode bomblet if

transition is initiated from steady-state gliding flight.

B. IMPACT PATTERN CHARACTERISTICS

The motion theories and results from the 6-DOF simulations provide
some indication of the manner in which bomblet impact points will be distrib-
uted with the respective boundary curves.

1. S-Ourve Bomblet Impact Pattern Characteristics.

Assuming :mat the S-curve bomblets in a particular dispenser
have a wide range of fin cant angles. the impact pattern will resemble the
sketch below and will be comprised of an inner elliptical-shaped core
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(rcprescnting bomblets with spin rates above critical) and a wide fan of
sparse impact points, extending forward of the ballistic impact center
(representing bomblets with spin rates less than critical). The fraction of
bomblets in the central elliptical core will increase when the bomblets have
large longitudinal misalignments. The density of impacts at the extreme
rear and narrow portion of the pattern will be relatively high, because
bomblets will impact in this area regardless of whether their spin rate is
small or large. If the S-curve bomblet asymmetries are extremely small,
the impact points will form a single annular ring, roughly matching the
predicted pattern boundary for subcritical spin rates.

\\: Sparse
Impacts

Vo Concentrated

"Impacts

Greate st
Concentration

Sketch of Probable Impact Pattern of Impacts
for S-Curve Bomblet

2. RTO Bomblet Impact Pattern Characteristics.

The impact pattern of the roll-through-zero type bomblet
could have a distribution of impact points not unlike that sketched below:

Sparse

Impacts

/// Concentrated
. Impacts

Sketch of Probable Impact Pattern
for RTO Bomblet
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The pattern is comprised of a wide annulus, containing the impact points of
all bomblets whose roll torque (or fin cant) deviation from the mean is less
than some standard statistical measure, such as la . Inside the annulus
will be the impact points of those bomblets which have roll torque deviations
exceeding the stati stical measure, as well as the bomblets which have roll
torques of the same sense as the dispenser roll. The latter bomblets will
have poor dispersion and will impact near the pattern center.

The fraction of interior impact points can be increased or
decreased by a change in the mean roll torque. This provides the designer
with a possible means of impact pattern control.

Dual-Mode Bomblet and Disk Bomblet. The dual-mode and
disk bomblets will have impact pattern distributions characteristic of magnus
rotors in general. A discussion of magnus-rotor impact pattern distributions
is beyond the scope of the present endeavor.

C. DISCUSSION OF FACTORS AFFECTING BOMBLET PERFORMANCE

1. Sensitivity to Manufacturing Tolerances.

The dispersion of the S-curve type bomblet is particularly
sensitive to configurational asymmetries and manufacturing tolerances. The
trim angle of attack (of the bomblet considered in Section II) varies about
one degree for each 0.027 caliber shift in the longitudinal center-of-gravity.
An accidental fin cant of 0.1 degree significantly reduces the maximum dis-
persion at release velocities of 600 ft/sec or greater. Fin and body mis-
alignments resulting in values of Cmo greater than about 0.005
(Cmo = Cno = 0.005 corresponds to about one-half degree incidence of two
opposing fins) can result in coning and an attendant reduction in area cover-
age.

The roll-through-zero type bomblet is sensitive only to the roll

torque. All sources of roil torque, other than the design (or built-in) roll
torque, cause erratic flight behavior. In addition to the aerodynamic-
induced moment, there exists the possibility of spurious roll torques due to

the combined effects of lateral center of gravity offset and a trimmed normal
force. The maximum value of the roll moment due to lateral c. g. offset
should not exceed the design rolling moment. For the basic wingless RTO
bomblet, the allowable c. g. offset for a design roll torque coefficient of
0.0015 is given by

Cg 0.0015
Ay/d - C to-0 z 0.00V7 (10)

CNTRIM 0.55
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For the 3-inch-diameter bomblet, A y = 0.08 inch.

The 6-DOF motion simulations, for the vane-stabilized dual-
mode bomblet, show that the transition dynamics of this configuration are
not degraded by accidental fin cant or longitudinal misalignment.

Small asymmetries should not appreciably affect either the
aerodynamics or the transitional motion of the ballute- stabilized dual-mode
bomblet.

2. Sensitivity to Launch Environment.

The impact point of an S-curve type bomblet depends signifi-
cantly on the initial orientation of the angie-of-attack plane. Therefore, if
the dispenser has an angle of attack at time of functioning, the impact
pattern will be heavily biased, i. e., all of the bomblets will tend to impact
in the same area, even though the dispersion from the ballistic impact point
is large. The biasing effect due to dispenser angle of attackwill be greatest
when the bomblets are aligned with the dispenser. On the other hand, random
perturbations in the initial values of the motion parameters ( a , p, q, r,
etc. ) will alter the impact locations of individual bomblets but will not influ-
ence the pattern size or distribution of impact points.

A uniformly distributed impact pattern for the RTO bomblet
depends primarily upon random orientation of the bomblet trim vector, and
therefore, the motion of this type bomblet is influenced less by the dispenser
angle of attack. Large angle-of-attack perturbations at launch would be
detrimental to RTO bomblets possessing a sizeable induced roll moment at
large angles of attack.

3. Scale Effects.

The dispersion of the S-curve type bomblet is a function, prin-
cipally, of the ratio of the aerodynamic lift to bomblet weight. For a partic-
ular bomblet-fineness ratio and trim lift coefficient, dispersion will be
inversely proportional to the loading parameter W/S. Changes in bomblet
geometry and inertia will modify the critical spin rate in accordance with
Equation (3).

The theoretical dispersion of the RTO bomblet is proportional

to )f I,,' Thus, the RTO bomblet can be scaled up or down in size

without affecting dispersion, provided the m' and Ix' parameters remain
constant.

The dispersion of the dual-mode type bomblet is significantly
affected by the scaling of the magnus-rotor configuration. The spin-up or
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spin-down time constant for the scaled bomblet is proportional to the product
of the geometric scale factor and the non-dimensional inertia ratio Ix'/Ix'
where Ix represents the scaled bomblet. Thus, an increase in magnus-
rotor size increases the time for spin-up or spin-down and conversely.

D. CONFIGURATION SELECTION AND OPTIMIZATION

1. S-Curve Bomblet.

Optimization of the S-curve type bomblet for maximum disper-
sion is best achieved by increasing the critical spin rate and decreasing the
allowable fin cant. The former requires the selection of configurations
which have large damping and a small magnus moment coefficient, while the
latter depends primarily upon the accuracy of bomblet fabrication. For
high-speed delivery, the bomblet must possess a finite trim angle of attack
throughout the flight Mach number range. The use of large trim angles of
attack, as a means of improving dispersion, appears ill advised. Opera-
tion at large angles of attack will, in many instances, lead to undesirable
roll characteristics and an increased magnus moment.

The S-curve pitching moment characteristics should be attain-
able for a wide variety of bomblet geometries, provided proper attention is
paid to the effects of nose shape, afterbody shape, fineness ratio, and fin
size. For supersonic operation, spike-nose configurations can also be con-
sidered since they have nonlinear S-curve-type moment characteristics.

2. RTO Bomblet.

Optimization of the RTO-type bomblet for maximum dispersion
requires that the induced aerodynamic roll torques be minimized, while con-
currently providing a large trimmed normal force. The present effort has
shown that the use of planar lifting surfaces is detrimental because their
adverse roll characteristics more than offset the increased normal force.
The results of the present studies suggest the use of configurations with a
high degree of axial symmetry (many fins or ring tail) as a means of de-
creasing or eliminating the roll-induced aerodynamic moments.

Although desirable, a high-fineness-ratio slender body does
not appear to be necessary. For example, the blunt-nose 4-caliber-length
configuration has a normal force slope which is about 75 percent that of the
elliptical-nose 6-caliber finned bomblet.
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•. Iual-Mode Bomblet.

The factors which must be given greatest consideration in the
aerodynamic design of the dual-mode type bomblet are the spin damping and
magnus moment coefficients. The magnus moment coefficient at large
angles of attack must have a positive value if transition is to occur rapidly.

The dual-mode bomblet concept is, for practical purposes,
limited to cylindrical bodies with fineness ratios less than 2.0, because of
magnus-rotor stability considerations.

The use of a ballute stabilizer, larger in size than that inves-
tigated in this study, appears feasible, and could make the ballute-stabilized
dual-mode bomblet more suitable for low-altitude weapon delivery.

The mechanics and dynamics of stabilizer deployment are
significant problem areas requiring extensive future design and test efforts.

4. Disk Bomblet.

Motion simulation and aerodynamic data for the disk bomblet
are presently insufficient for optimization of this concept.
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SECTION IV.

WIND TUNNEL INVESTIGATIONS

A. TEST PROGRAM

In support of the present effort, a comprehensive wind tunnel test
program was accomplished in the 4T transonic tunnel at the Arnold
Engineering Development Center. The test plan and model configurations
were specified by the contractor. Model design and fabrication, including
the necessary support and drive systems, were provided by AEDC, through
special arrangement with 'he Air Force Armament Laboratory.

The test program was conducted in three phases. The first phase
consisted of static force and moment measurements, in both pitch and roll,
for the S-curve, roll-through-zero, and dual-mode bomblet models. These
tests were accomplished for a Mach number range of 0.3 - 1.2, except for
the dual-mode bomblet which was evaluated only at Mach 0.3 and 0.5. in
addition, limited tests were accomplished at three different Reynolds
numbers.

In the second phase a forced-oscillation balance was used for
measurement of the planar pitch-damping of the S-curve bomblet models
from Mach 0.3 to 1.2. *

The third test phase provided both roll dynamics data for the roll-
through-zero and dual-mode bomblet rm'odels and magnus data for the S-curve
and dual-mode bomblet models. A special hydraulic drive system, with
pneumatically operated clutch and braking system, was provided for the
S-curve and dual-mode bomblet tests. The third phase tests for the S-curve
and RTO bomblet models were accomplished from Mach 0.3 to 1,2, while

the dual-mode bomblet model tests were accomplished only at low speed.

B. S-CURVE BOMBLET CONFIGURATIONS

The seven S-curve bomblet models utilized for the AEDC tests are
depicted in Figure 58. In addition, three body-alone configurations
(BSNSIASI . BsNsZAsI. and BsNSZAS2) were evaluated. The model con-
figurations were selected for the p'irpose of determining the aerodynamic

The boattail models could not be tested because of sting interference
effects.
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,.ffects of nose-shape, afterbody-shape, fin location, fin cross-section, and

a nose spoiler ring. The latter two configuration modifications were of
interest primarily from the standpoint of spi, damping and magnus charac-
teristics.

All S-curve bomblet models were 3.0 inches in diameter.

C. RTO BOMBLET CONFIGURATIONS

The RTO Bomblet model is depicted in Figure 59. The RTO bomblet

concept was evaluated both in the body-alone and wingless configurations.
The effect of the wings was determined for incidence angles of 10 degrees
and 20 degrees. Three configuration modifications were employed as a

means of providing a design roll torque: differential wing incidence, a wing
roll tab, and asymmetrical body indentations.

The RTO bomblet models were 3.0 inches in diameter.

D. DUAL-MODE BOMBLET CONFIGURATIONS

The vane-stabilized dual-mode bomblet model is shown in Figure

60. The dual-mode bomblet models had the same geometry as the bomblets
depicted in Figure 37, and the body diameter of each model was 3.0 inches.

E. STATIC TEST RESULTS

The AEDC test report describing the static wind tunnel tests is
being published separately as (4). Supplementary plots of the test data
showing the effects of angle of attack Mach number, Reynolds number, and
aerodynamic roll angle are available(19). The latter reference also pre-
sents a breakdown of the normal force and pitching moment characteristics
of the S-curve and RTO bomblets, showing the contributions of the fins and
wings.

S-Curve Bomblet Aerodynamic Data. The variation of the pitching
moment with angle of attack for each of the various S-curve bomblet config-

urations is shown in Figure 61 for Mch 0.3 and 0.9. At Mach 0.3, all of

the configurations, except that with the nose spoiler, exhibit the character-
istic S-shaped pitching moment curve. The trim angles of attack range from
four degrees to as much a. '2.5 degrees at low speed. The trim angle-of-
attack variation with Mach iiumber is shown in Figure 6Z. The moment
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Figure 62. Trim Characteristics of S-Curve Bomblet Models as
Determined from AEDC Static Wind Tunnel Tests
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reference center is 1.5 calibers aft of the bomblet nose for all of the config-
tirations. Two different types of trim characteristics are noted: the boattail

at'erbody models exhibit an increase in trim angle of attack in the transonic
range, while all of the other configurations display a large decrease in the

trim angle of attack at transonic conditions. Of the cylindrical afterbody
configurations, only configurations BSNS2ASIFSZ has a non-zero trim angle
of attack at Mach 0.9. The observed transonic trim changes for the cylin-

drical afterbody models is due, principally, to the increase in body-alone
stability at small angles of attack. The decrease in transonic stability of
the boattail models results from a loss in fin effectiveness, since the change
in stability is not reflected by the body-alone data. At transonic conditions
(M - 0.9) the blunt nose greatly increases the stability at angles of attack

below 4 degrees, while at large angles the blunt nose is destabilizing.

The normal force coefficient characteristics of the seven basic
conf igurations are presented in Figure 63 for Mach 0.3 and 0.9. In the

low Mach number range, the boattail afterbody models display the largest
normal force slopes, probably due to the fact that these models have a

larger exposed fin area. The drag coefficient variation with Mach number
fcr each configuration is plotted in Figure 64. At low speeds, the boattail
afterbody models have about one-half the drag of the basic cylindrical after-

body mo de I s.

RTO Bomblet. The pitching moment characteristics of the RTO
bomblet models, for a moment reference point 2.6 calibers aft of the body

nose, are presented in Figure 65. These data are for Mach 0.3 and are
typical of the results obtained at all of the test Mach numbers.

The body-plus-fins configuration, BRIFRZ, exhibits a stable
moment curve which is approximately linear at small angles of attack but
with an increasingly stable slope at large angles of attack. With the wing
attached at incidence, the pitching moment becomes highly nonlinear and
the slope is unstable at positive angles of attack less than six degrees. The
destabilizing effect of the wing at small angles of attack had been anticipated
due to wing-vortex fin interference, but the measured data exhibit a greater
instability than had been predicteC using (20). These results necessitated

a forward center-of-gravity movement in order to achieve the desired trim

angle of attack of eight degrees.

The normal force data for Mach 0.3 are shown in Figure 66. With

the wing attached at 10 degrees incidence, the normal force at eight degrees
angle of attack is about 1.1, while the body-fin configuration produces a

normal force coefficient of 0.58 at this angle of attack.

Zero-lift drag coefficient data for the RTO bomblet configurations
are presented in Figure 67.
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The roll movment, side force, and side moment characteristics,
as a function of the aerodynamic roll angle, are described in Section II
and illustrated in Figures 24 and 26.

Dual-Mode Bomblet. The static aerodynamic data for the dual-
mode bomblets are presented in Figures 38 - 41 and described in Section II.

F. PITCH DAMPING TESTS

A detailed description of the pitch damping tests of the S-curve
bomblet models will be found in (21). The measured pitch damping char-
acteristics of the basic configuration with hemisphere nose, BSNSZASIFSZ,
are presented in Figure 68. The configuration has good damping at all
Mach numbers and in both zero lift and trimmed flight attitudes. The blunt
nose shape did not influence the damping appreciably except at transonic
conditions where the blunt nose was slightly unstable. Configuration
BsNsIAsIFS4, with the rounded fin cross-section, was stable at all condi-
tions tested, but the damping for most flight conditions was not as good as
the basic hemisphere-nose model. The nose spoiler was extremely effec-
tive at small angles of attack and low Mach numbers and also at large
angles of attack at Mach 0.7. The spoiler was not effective at transonic
conditions.

The damping characteristics of the boattail afterbody models were
not determined because of model-sting clearance problems.
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SECTION V.

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

Based on six-degrees-of-freedom motion simulations and available
aerodynamic data, the following conclusions are made:

1. Each of the four proposed bomblet concepts investigated
(S-curve, roll-through-zero, dual-mode, and spinning-disk) is feasible and
capable of dispersing a cluster bomb over a wide area from a functioning
altitude of 2000 feet or less.

2. Under high-speed delivery conditions, the S-curve bomblet can
disperse a warhead over an area 3500 feet in width from a dispenser func-
tioning altitude of 300 feet.

3. The performance of the S-curve type bomblet is extremely
sensitive to accidental fin cant, longitudinal misalignment, trim variations
with Mach number, and the attitude of the bomblet at release.

4. The roll-through-zero (RTO) type bomblet can disperse a
warhead over an area 800 feet in width under high-speed release conditions
at 1000 feet altitude.

5. The RTO-type bomblet is sensitive to induced roll moments
from fin or wing orientation and lateral center-of-gravity offset but provides

desirable dispersion variations with delivery airspeed and altitude, and the
impact pattern distribution is readily modified by a change in the design roll
torque.

6. The vane-stabilized dual-mode bomblet can provide effective
dispersion and ballistic impact under high-speed delivery conditions for
dispenser opening altitudes in excess of 1000 feet.

7. The dual-mode bomblet with 45 degrees trai'ing vane can
accomplish transition from magnus-rotor flight to ballistic flight attitude
in about 1. 5 seconds (or within about Z50 feet altitude); pitch-roll resonance
and roll lock-in effects, due to accidental fin cant and longitudinal misalign-
ment. do not significantly affect the angle-of-attack history during transition.

8. The ballute-stabilized dual-mode bomblet requires about seven
seconds for transition to ballistic flight and must be restricted to delivery
altitudes of 2000 feet or greater.
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9. The symmetrical spinning-disk bomblet has about the same
dispersion as a spherical magnus rotor for a 900 ft/sec dispenser opening
velocity, but the amount of dispersion which occurs due to the disk lift force
at high velocities is small and equivalent to a radial velocity of about 20
ft/ sec.

10. In comparison with the CBU-24 munition (BLU-26/B bomblet),
the S-curve bomblet has greater area coverage capability for low-altitude
high-speed delivery conditions, while the RTO bomblet has about the same
area coverage capability. For dispenser opening altitudes of 2000 feet or
higher, the impact dispersion boundaries for the vane-stabilized dual-mode
bomblet and BLU-26/B bomblet are approximately the same.

11. Within their operational envelopes, the proposed aerodynamic
dispersion concepts provide greater area coverage than a force ejection
system with 100 ft/sec radial velocity capability, except for low-altitude
and low-speed (300 ft/sec) dispenser opening conditions.

B. RECOMMENDATIONS

The following recommendations are made for further investigation
of the proposed dispersion concepts:

1. More accurate simulations of the S-curve and RTO bomblet
impact patterns should be accomplished by use of the Monte Carlo method.
Appropriate statistical variations for the initial motion perturbations and
the bomblet configurational asymmetries should be established.

2. Representative magnitudes for the asymmetries of existing
bomblets (particularly fin cant and fin misalignment) should be determined.
and the adequacy of existing manufacturing tolerances and quality control
procedures for production of the S-curve and RTO-type bomblets should be
inve stigated.

3. The dispersion characteristics of the S-curve and RTO0bornblets
should be evaluated for supersonic delivery conditions, and the necessary
supporting aerodynamic data for these calculations should be acquired from
additional wind tunnel tests.

4. The aerodynamic characteristics of the S-curve and dual-mode
type bomblets should be investigated more fully, particularly with respect
to the pitch-yaw damping. magnus moment, and spin parameters. It would
be desirable to obtain these data from dynamic tests, where the model has
two or more degrees of angular freedom.
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5. Free-flight testing of the S-curve and RTO bomblets should be
accomplished for verification of flight and dispersion characteristics. Both
gun-launch and air-drop techniques should be exploited.

6. Further testing of the dual-mode bomblet concepts is warranted,
with emphasis on stabilizer deployment.

7. Further investigations of asymmetrical versions of the spinning
disk bomblet are warranted, to the extent that the disk shape is advantageous
for warhead packaging and functioning.

8. Further geometric modifications of the proposed bomblet con-
figurations should be studied as a means of improving dispersion, the
attitude and flight path angles at impact, packaging, and warhead compati-
bility.
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APPENDIX I

DESCRIPTION OF AERODYNAMIC SYSTEM FOR
BOMBLET MOTION SIMULATIONS

The six-degrees-of-freedom computer program used in conjunction
with the present investigation(3) employs an aeroballistic system which is
consistent with that which is used for symmetric missiles. With either
body-fixed or fixed-plane coordinate axes, the orientation of the force and
moment vectors can be described by two angle-of-attack parameterf, a and

as depicted in Figure I-I. For computational purposes, the aerobal-
listic coefficients are scalar functions of a , Mach number and non-dimen-
sional spin. Note also that Cnr and Cmq are specified independently and
are related to q' and r' , the components of the cross-angular velocity in
the an3,le of attack and magnus planes, respectively. Thus, the difference
between planar and circular motion damping can be distinguished.

Figure 1-2 depicts additional body-fixed aerodynamic coefficients
which can be introduced into the 6-DOF simulations. These include five
coefficients which have a sinusoidal dependence upon the aerodynamic roll
angle it . The aerodynamic roll angle is defined in Figure 1-3. All of the
added body-fixed aerodynamic coefficients are functions of both Oa and Mach
number.

The other important roll orientation parameters a.re also described
by Figure 1-3. The angle ý represents the angular displacement between
the body axes and a symmetry plane and is used in conj%'nction with the
investigation of lateral c. g. offset, etc. Otherwise, ý is zero. The orienta-
tion of the angle of attack plane with respect to horizontal, angle I , is
frequently used for portrayal of the bomblet motion. For C = 0, the angle

Sis related to 40 and * by the identity

T =i/2 + 0 - 0 , radians; c = 0

23 PrsCiding We haik



- CN

CN

'I Si

S q

yor

Fig~ure 1-1. A•robaUiStic Force and

M~oment Coefficient Definitions

I Z4



C,

I

I Cx

CCo P.

rK

Cf 0

z

Figure 1-2. Additional Aerodynamic Forces and Moments
for Body-Fixed Axes

125



Vertical

Horizontal

Symmetry
Plane Y

NjTo Symmrretry Plane

Figure 1-3. Roll Orientation Parameters

126



APPENDIX II

CONING MOTION ANALYSIS

First, the usual fixed-plane equations of motion are derived to show
the basic coning motion. These equations are then transformed into a set
of modified fixed-plane equations which are more convenient for analysis of
motions which are influenced by gravity. The modified equations are used
to investigate the requirements for zero coning motion.

The basic coordinate axes are depicted in Figure 11-1. The x, y, z
axes are a system of fixed-plane axes, wherein y always lies in the Y Z
inertial reference plane, x is coincident with the body axis of symmetry,
and z is directed such as to constitute a right-handed orthogonal system.
The rotational velocity, ý , of this triad with respect to the inertial system
is given in terms of the Eulerian angles as

XCos a

y
= Xsir.

z

while the angular velocity components of the body are given by

: p: + ý coso

Wy

: sin o
z

Then from the fundament.1 rigid-body equations of motion

F + mg = mV + x mV

4 4

M [I] W + x (I] ,

where

[Ix 0 01

0 1Z
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the basic fixed-plane scalar equations are derived

4 + uX sina - wi cosY = g sinX cos(- y) (II-1)

v + v Cos - u6 = g (cos (- y) cos Xcos a - sin (-Y) sin a] (11-2)

CN p/Z V2 S

m

I a- 2 sin acoS a+ IxP sin = Cmq-d + CM] pV Sd (11-3)

IX sina + 21 6 cosa -Gxpc = [6Cn sin O+CM pdJ.LP V2 Sd (11-4)r2V p2V 2

For motions which involve negligible translation, the last two equa-
tions may be solved simultaneously. Steady-state coning solutions are
obtained by letting a* = a = = 0. The resulting equations, even though
nonlinear in o , can readily be solved graphically or by other means to
determine the limit cycle amplitude and frequency. Extensive analyses of
these equations, including highly nonlinear magnus and damping moments,
are described in (22) and (23).

In the present case, the translational motion, which includes the
effects of the aerodynamic normal force and gravitational force, has a sig-
nificant effect on the solutions, because the spin rate and magnus moment
are expected to be small. To include the coupling of the force and moment
equations, it is convenient to consider the following transformation of
variable s.

* = X cos a (11-5)

r = X sin a (11-6)

These, together with the derivative of r,

X sin G + ? &cosca , (11-7)

and the identity q = % transform Equations (11-1) - (11-4) to a more
synunetric A. form: *

• This form of the equations of motion also avoids distinguishing between
Sand&.

129



+ r u - = g sin X cos y (11-8)

-qu + v g (cosycos), coso + siny sino) (11-9)

CN p/ZVS
m

S- 1• r + Ixpr = [Gmq dV + CM] -p V2Sd (11-11)

Ii + I $q - Ixpq= [Cnr -+ CMp V] 2 V 2 Sd (2U-ll)

The variable j defines the angle of attack plane orientation as in
Figure II-I. Equations (11-8) - (II-11) are nearly identical with those pre-
sented in (1).

If a small constant angle of attack is now assumed and the basic
assumption made that the translational motion stays in phase with the angle
of attack plane, the following simplifications can be introduced:

S0

cos a = cos a = cos 1 T

sin a = sin a = sin aT = a
T T

v= v= 0

w u aT

With these assumptions, together with

Cos Ck -Cos

sin X= sin ;/cos 0 sin

Equations (11-8) and (11-9) can be expressed as

r sin ; cos Y+ ci (II-12)
u T

CN7 C oV S
mu S (cosy cos O+ sin Y) (11-13)
-mu u T
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Substituting r , q , and r into EquatiozA (II-II) the special coning solution
can be obtained

I____ _______+ Cnr P S d2 V !1(H-14)

i O•T• Ilg Tsiny I CN pSV Cn _sdv .aT)

T Zm 4

+I g cosY cos - Cnr g 0Sd 2 cosY sin+ [ V P4=

C,• PS+d2 V IxCN PSV Ix g aT sin y

4 + Zm V f P
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APPENDIX III

SIMPLIFIED DISPERSION PREDICTION FOR

ROLL-THROUGH-ZERO BOMBLET

ROLL DYNAMICS

An approximate solution for the dispersion of the roll-through-zero
bomblet is formulated, using a simplification of the bomblet roll dynamics.
The general form of the roll differential equation for a symmetric missile is

4)" + Kp p ' Ka 0

which has the solution

KI K 6 ,p -Kptt:•o +- I-- - •: e -A (Iiii )

where, for V = constant

KSd 3  C, 6 = ,
= 2 Ix £6 2 1x,

PSd 3 ___.
~~ I- --- iCp _4 IX,

= -) t

and the derivatives are .- 'h respect to nondimensional distance s =IVdt.

With 0. = - 0, Equation (II-1) reduces to -

K6 KK K

For the roll-through-zero bomblet, dispersion occurs while 0' is
small, so that the damping moment is small during the dispersion phase.
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Therefore, for small *', and o 0

K 6  -2
2 t (111-3)

A comparison of the solution for Equation (111-3) with that for Equation (111-2)
for representative values of the parameters is shown in Figure III-1. As
will subsequently be shown, the region of interest is between • = 0 and
0 = 7r/4. It is seen that the time from zero roll rate to 0 = 7/4 is only
about 12 percent greater if Equation (111-2) is used instead of the approxi-
mation (111-3). Since the dispersion will be proportional to the time in the
neighborhood of zero-roll rate, the use of the approximate roll solution for
dispersion prediction should lead to conservative results.

LATERAL MOTION

The lateral motion of the bomblet due to a body-fixed trim angle
of attack and/or asymmetric lateral force, over a short duration of flight,
can be expressed in terms of earth-fixed coordinates Ye, ze by the follow-
ing equation

Ye' +di Ze' CN PSd (1ei (11-4)

d - 2m fe dt

t

where we have arbitrarily let the lateral force coefficient, CN, be directed
along the real body axis, i.e., the body y axis. Equation (111 -4) can be
rewritten as

ti t I

Ye+iZe' CN pSd 0 dt + i sino dt

d Zm j o JA 
(111-5)

t° to

With the approximation of the roll dynamics given by Equation
(11I-3), 0 becomes

2 x
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Defining the arbitrary parameter u

A

u = tIX

and letting t. = 0, Equation (III-5) can be expressed in terms of the stand-
ard Fresnel integrals

x

C(x) fcos T )du

0fo
x

S(x) sin 1--Z1 du

j02

where x =

Values of these integrals can be found in several texts, such as (24). Thus,
the lateral motion from the time at which the spin rate is initially zero, to
the time, t = x, can be expressed as

d+i~e - Cm [C (x) + i S (x)1-6]

Figure II-2 shows a typical solution of Equation (111-6) for reresentative

values of the parameters. The various values of 0 are indicated.

A useful property of the Fresnel integrals is that they have
asymptotic values for 0 -a a :

C (x) =

S (x)

In addition, the absolute value of the Fresnel integrals for x is

IC (X)4 iS (X)3
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The same result is also approximated by

C (x )+ i S(x-

which with

leads to
IT

4

Therefore, starting from zero roll rate, the lateral deflection of the tra-
jectory after rolling through an angle of 0 = n/4 is nearly identical to the
deflection which would occur after a large nmunber of roll cycles.

It is obvious that the roll rate history prior to roll-through-zero is
the negative image of that which occurs after roll-through-zero, if the roll
damping is neglected. Thus, the total deflection of the trajectory during the
interval from i = - A/4 to 7 = /4 is given by

,Y= lye'+' Ze'd 2CN C(0 i S

S= |••m~ VCL6 6 C( - -+S(e

2m --- -I C 66117

RELATION BETWEEN TRAJECTORY DEFLECTION AND DISPERSION

If the ballistic coefficient, W/CDS, is sufficiently large, the flight
path following roll-through-zero is relatively straight. Thus, with the aid
of Figure 111-3, along-range dispersion at the ground. R , and the cross-
range dispersion at the ground, r . can be evaluated from the simplified
relationships:

r h br - Y(1II-8)
sin y

R r h =1h1by
siny sinlZ y
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Substituting the result of Equation (111-7), the result is

h.CN "••" -:I•(11- 10)

2' sin y V C6

h CN (Ill-lI)

2m' sint-Y C! 6
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